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Abstract 
This thesis presents experimental and theoretical studies of nonlinear 
propagation of ultrashort long-range surface plasmon polaritons in gold strip 
waveguides. The strip plasmonic waveguides are fabricated in house, and 
contain a gold layer, adhesion layers, and silicon dioxide cladding. The optical 
characterization of the plasmonic waveguides is performed using femtosecond 
and picosecond optical pulses. Two nonlinear optical effects in the strip 
plasmonic waveguides are experimentally observed and reported. The first effect 
is the nonlinear power transmission of the plasmonic mode, and the second 
effect is the spectral broadening of the plasmonic mode. A consistent theoretical 
model of the nonlinear optical effects in the strip plasmonic waveguides based 
on the third-order nonlinear susceptibility of the constituent materials is 
developed and reported. It is shown that the effective third-order nonlinear 
susceptibility of the plasmonic mode in the gold strip waveguides significantly 
depends on the metal layer thickness and laser pulse duration.  This dependence 
is explained in detail in terms of the free-electron temporal dynamics in gold. 
The third-order nonlinear susceptibility of the gold layer has the dominant 
contribution to the effective third-order nonlinear susceptibility of the long-
range surface plasmon polariton mode in the strip plasmonic waveguides. The 
spectral broadening of the plasmonic mode in the waveguides is determined by 
the real part of the third-order nonlinear susceptibility of the gold layer, and the 
nonlinear power transmission of the plasmonic mode is determined by the 
imaginary part of the third-order nonlinear susceptibility of the gold layer. The 
experimental values of the third-order nonlinear susceptibility of gold for 
ultrathin layers are presented. The pulse duration dependence of the third-order 
nonlinear susceptibility of gold is calculated in the broad range from tens of 
femtoseconds to tens of picoseconds using the two-temperature model of the 
free-electron temporal dynamics of gold, and shows the saturation of the third-
order nonlinear susceptibility of gold for longer picoseconds pulses. The results 
are important for the development and applications of active plasmonic and 
nanophotonic components.  
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Resumé 
Denne afhandling præsenterer eksperimentelle og teoretiske undersøgelser af 
ikke-lineær udbredelse af ultrakorte langtrækkende overflade plasmon 
polaritoner i guld bånd bølgeledere. De bånd plasmoniske bølgeledere er 
fremstillet her i huset, og indeholder et guld lag, vedhæftningslag, og 
siliciumdioxid beklædning. Den optiske karakterisering af plasmoniske 
bølgeledere udføres ved hjælp af femtosekund og picosekund optiske pulser. To 
ikke-lineære optiske effekter i bånd plasmoniske bølgeledere er eksperimentelt 
observeret og rapporteret. Den første effekt er den ikke-lineære transmission af 
plasmonisk mode power, og den anden effekt er den spektrale udvidelse af 
plasmoniske mode. En teoretisk model af de ikke-lineære optiske effekter i bånd 
plasmoniske bølgeledere baseret på tredje-ordens ikke-lineær susceptibilitet af 
materialesammensætning udvikles og rapporteres. Det er vist, at den effektive 
tredje-ordens ikke-lineær susceptibilitet plasmoniske tilstand i guld bånd 
bølgeledere afhænger væsentligt af metal lagets tykkelse og laser pulsens 
varighed. Denne afhængighed er forklaret i detaljer i form af de frie elektroners 
tidsmæssige dynamik i guld. Den tredje-ordens ikke-lineær susceptibilitet af 
guld laget er det dominerende bidrag til en effektiv tredje-ordens ikke-lineær 
susceptibilitet af langtrækkende overfladeplasmon polariton mode i bånd 
plasmoniske bølgeledere. Den spektrale udvidelse af plasmoniske tilstand i 
bølgelederne er bestemt af den reelle del af tredje ordens ikke-lineær 
susceptibilitet for guldlaget, og den ikke-lineære transmission af plasmonisk 
mode power er bestemt af den imaginære del af tredje ordens ikke-lineær 
susceptibilitet af guldlaget. De eksperimentelle værdier af tredje ordens ikke-
lineær susceptibilitet af guld for ultratynde lag præsenteres. Pulsvarighedens 
afhængighed af tredje-ordens ikke-lineær susceptibilitet af guld beregnes i 
intervallet fra snesevis af femtosekunder til et tocifret antal picosekunder ved 
hjælp af to-temperatur modelen af de frie elektroners tidsmæssige dynamik i 
guld, og viser mætning af tredje ordens ikke-lineær susceptibilitet af guld for 
lange picosekund impulser. Resultaterne er vigtige for udvikling og anvendelse 
af aktive plasmoniske og nanofotoniske komponenter.   
iii 
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Chapter 1 
Introduction  
The optically controlled optical channel is considered as one of the main 
instruments in enhancing density of communication lines with reduced energy-
per-bit consumption. All-optical signal processing is capable of achieving a 
signal modulation and transmission speeds beyond what is possible by their 
electronic counterparts. To optically modulate (or switch) signals in plasmonic 
waveguides (with one or several metal-dielectric interfaces) means that light 
induces changes in the real part or imaginary part of the dielectric functions of 
the constituent materials. These changes can occur either in a metal or in a 
dielectric, or in both. Most of the studies in nonlinear plasmonics are connected 
with the local field enhancement facilitated by metal nanoparticles [1].  
So far the light-induced absorption modulation has been studied with the 
intrinsic metal nonlinearity [1]. The intrinsic nonlinearity of gold is related to 
the interband excitation of nonequilibrium electrons and results in small changes 
of the real part of the permittivity but in significant changes of the imaginary 
part of the permittivity. The associated relaxation time is on the picosecond 
scale, making THz-frequency modulation of signals in plasmonic gold 
waveguides possible. The relaxation time of the interband transitions in 
aluminum is much smaller and can provide even faster modulation speeds [2]. 
Thus, the optical nonlinearity in metals holds a potential that needs to be 
explored more. Results can be exploited for rapid optical switching and 
modulation by using strong excitation via an ultrafast laser pulse. This approach 
has opened a whole new field of active plasmonic systems [2].  
This thesis presents theoretical and experimental studies in order to understand 
and ultimately exploit intrinsic metal nonlinearities in thin metal films. The 
current vision of possible nonlinear behavior in noble metals is that they occur 
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due to the Fermi smearing process. When a thin metal film is exposed to an 
ultrafast laser pulse, it absorbs the optical pulse which leads to rapid heating. 
The rise in the temperature of the material results in interband transitions and 
broadens the electronic distribution around the Fermi energy. This eventually 
causes significant change in the dielectric permittivity of metal [3]. Another 
possible mechanism is that a strong electric field in ultrashort laser pulses affects 
the distribution of free electrons. Such direct influence is preferable in terms of 
exploitation due to the fast electronic response and symmetric time scale of both 
phases of the nonlinear process: development and relaxation.  
Plasmonic nanostructures represent a unique platform for many linear and 
nonlinear optical applications [4]. A great variety of plasmonic waveguides for 
integrated optics [5, 6], nanofocusing [7, 8], sensing [9, 10], lasing and 
amplification of light [11, 12] has been proposed. In particular, special attention 
has recently been paid to the nonlinear optical properties of plasmonic 
waveguides, hybrid plasmonic waveguides, and other elements important for 
future nanophotonic communication approaches [13-16]. Bulk metals, thin metal 
layers, and plasmonic metamaterials have been investigated in the nonlinear 
regime [17-20].    
The nonlinear propagation of surface plasmon polaritons (SPPs) in plasmonic 
waveguides can be studied in terms of either the second-order nonlinearity [21, 
22] or the third-order nonlinearity [23, 24]. The latter is particularly important 
because it is present in all materials and in metals arises due to changes of the 
intrinsic electronic temperature after the absorption of incident light. A novel 
approach in the field of nonlinear optics with metals has been introduced by 
Conforti and Della Valle in [23], where the third-order nonlinear susceptibility 
for gold was derived from the two-temperature model of electron temporal 
dynamics. In Ref. [24] Marini and coworkers reported a consistent nonlinear 
model for plasmonic modes, formulated in terms of the classical nonlinear fiber 
optics formalism.   
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The majority of the experimental data on the third-order nonlinear 
susceptibility of Au were collected near the interband transitions in a 
wavelength range of 532-630 nm for pulse durations between 100 fs and 1 ns 
[25]. Most of the results were obtained with the z-scan method, reporting very 
high values of the third-order nonlinear susceptibility in the range of 10-16-10-15 
m2/V2 [26-29]. However, the linear losses in plasmonic waveguides, which are 
also related to the same interband transitions in gold, are very high 
(approximately 30-40 dB/mm) in this wavelength range [30, 31].  
On the other hand, nanophotonic and plasmonic devices are extensively 
exploited in the infrared (IR) range [5,6]. The propagation losses of long-range 
surface plasmon polaritons (LRSPPs) in Au-based waveguides can be 
approximately 2-5 dB/mm at the telecommunication wavelengths. However, the 
third-order nonlinear susceptibility of gold, (3)Auχ , in the IR range arises mainly 
from intraband electron transitions and is much smaller than in the visible range 
[24, 25], so that a conventional z-scan method may be not sensitive enough for 
measurements of (3)Auχ  in ultrathin gold layers. Nevertheless, the values of (3)Auχ  can 
be quite large to affect the signal propagation in a LRSPP waveguide due to the 
field localization near the metal interfaces and long propagation distance LSPP.    
By the virtue of its origin and the SPPs field localization, the effective third-
order nonlinear susceptibility of a gold strip waveguide must depend on the 
pulse duration and thickness of the constituent gold layer. One of the goals of 
this thesis is to quantify such dependences adopting experimental and theoretical 
results on nonlinear propagation of the LRSPP mode in gold strip waveguides 
conditioned by the third-order nonlinear susceptibility [Paper A].  
This thesis present new experimental data on the third-order nonlinear 
susceptibility of gold for 200-fs laser pulses at a wavelength of 1030 nm, and for 
3-ps laser pulses at a wavelength of 1064 nm. The experimental data can be 
compared to obtain an experimental dependence of the third-order nonlinear 
susceptibility on the gold layer thickness and pulse duration in the femtosecond-
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picosecond range. The obtained dependences confirm a significant increase in 
nonlinearity for picosecond pulses over femtosecond ones due to their better 
temporal overlap with the transient profile of electronic temperature variation in 
gold. The theoretical pulse duration dependences of (3)Auχ  are extrapolated over 
the broad range from tens of femtoseconds to tens of picoseconds. It is also 
confirmed experimentally that the effective enhancement of the third-order 
nonlinear susceptibility of the gold strip waveguides inversely proportional to 
the gold layers thickness. A theoretical dependence of the third-order nonlinear 
susceptibility of the gold strip waveguides on the metal layer thickness is 
derived and presented in [Paper B]  
The LRSPP waveguides studied here were fabricated in house [Paper C]. They 
contain a thin gold layer of different thickness t (22, 27 and 35 nm) sandwiched 
between tantalum pentoxide adhesion layers and silicon dioxide cladding. A 
schematic diagram of the LRSPP waveguides is shown in Fig. 1.1. This 
symmetric arrangement provides a substantial effective propagation length of 
LRSPPs of about 0.5-1 mm at a wavelength of 1030 nm depending on t. 
 
Figure 1.1. Sketch of the strip plasmonic waveguides.  
4
  
 
 
The thesis has the following structure. Chapter 2 presents nonlinear optical 
model for the LRSPP waveguides, and, in particular, dependence of the third-
order nonlinear susceptibility of gold on the layer thickness and laser pulse 
duration. Chapter 3 describes the fabrication process of the samples with the 
strip plasmonic waveguides. Chapter 4 is devoted to experimental studies of 
nonlinear optical effects in the LRSPP waveguides, and also presents the 
experimental values of the third-order nonlinear susceptibility of gold for 
different values of the layer thickness and laser pulse duration.                                                 
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Chapter 2 
Theoretical research 
2.1. Optical properties of materials 
The modeling of the strip plasmonic waveguides starts from consideration of 
optical properties of the constituent materials. These materials are gold (Au), 
tantalum pentoxide (Ta2O5), and silicon dioxide (SiO2). The dielectric 
permittivity 
2SiOε  for silicon dioxide (also called as silica) is described by the 
following Sellmeier equation [32]: 
( ) ( ) ( )2
2 2 2
SiO 2 2 22 2 2
0.6961663 0.4079426 0.89747941 ,
0.0684043 0.1162414 9.896161
= + + +
− − −
λ λ λε
λ λ λ
       (2.1) 
where λ is the light wavelength in micrometers. The dielectric permittivity TPOε  
for tantalum pentoxide (amorphous dielectric) is given by the following equation 
[33]: 
2
p,0
26 p,j
TPO 2 2 2
0 1 j
.
ji i
ωε ε
ω
ω
ω ω γωγ ω∞ =
= − +∑ − −+
                               (2.2) 
Here  is the light angular frequency, c is the speed of light in vacuum, 
2 2( / )A B λ∞ = +ε  is the dielectric permittivity of amorphous Ta2O5 following the 
Cauchy dispersion formula [33] with the parameters A = 2.06 and B = 0.025 
μm2; p,0ω = 6490 cm
-1 and 0γ = 6.5 × 10
-5 cm-1 are the Drude plasma frequency 
and scattering rate for Ta2O5, and p,1ω  = 1040 cm
-1, p,2ω  = 573 cm
-1, p,3ω  = 634 
cm-1, p,4ω  = 408 cm
-1, p,5ω  = 277 cm
-1, p,6ω  = 373 cm
-1, 1γ  = 188 cm
-1, 2γ  = 112 
cm-1, 3γ  = 88 cm
-1, 4γ  = 43 cm
-1, 5γ  = 113 cm
-1, and 6γ  = 652 cm
-1 are the 
2 /cω π λ=
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experimental parameters for the Lorentz oscillators taken from Ref. [33]. The 
linear refractive index for silica is 
2 2SiO SiOn = ε , and the linear refractive index 
for tantalum pentoxide is TPO TPORe[ ]n ≈ ε . The linear refractive indices 2SiOn  and 
TPOn  were calculated in the wavelength range from 350 to 1800 nm, according to 
Eq. (2.1) and Eq. (2.2), respectively, and shown in Fig. 2.1(a). The obtained 
dependences ( )2SiOn λ  and ( )TPOn λ  have two main features. The first feature is that 
tantalum pentoxide has somewhat greater values of the linear refractive index. In 
particular, at the wavelength 1064 nm, the refractive index 
2SiOn  for silica is 
approximately 1.45, and the refractive index TPOn  for tantalum pentoxide is 
approximately 2.07. The second feature is related to the zero dispersion 
wavelength (ZDW) values. The dispersion parameter for silica is 
2 2
2 2
SiO SiO( / )( / )D c d n dλ λ= −  and changes sign at the wavelength approximately 
1.27 μm [34], and the dispersion parameter for tantalum pentoxide is 
2 2
TPO TPO( / )( / )D c d n dλ λ= −  and changes sign at the wavelength approximately 1.8 
μm [35]. The ZDW values of the materials are important in nonlinear optics 
applications [34-37]. In fact, it will be shown further that the ZDW value of the 
long-range surface plasmon polariton mode in the strip plasmonic waveguides 
significantly depends on the thickness of the gold layer, and is somewhat 
different than the ZDW values of the constituent materials.                       
The dielectric permittivity Auε  of a thin gold layer is calculated based on the 
classical Drude model [30, 31, 38], but also with accounting for an electron 
confinement factor. For a metal nanosphere the collision frequency of electrons 
fγ  depends on the radius r [39, 40]. In the same way of arguing as in [40], where 
a 1/r dependence reflects the ratio of surface area to volume, one can proceed by 
assuming that for a thin gold stripe with the thickness t one can take:   
[ ]
2
p
Au 2 2
f
Re 1 ,ωε
γ ω
= −
+
                                             (2.3) 
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2
f p
Au 2 2
f )
Im ,(
γ ω
ε ω γ ω
 
   = +                                               (2.4) 
F
f ,t
υγ γ∞= +                                                       (2.5) 
where 2p 0 e/ne mω ε=  is the plasma frequency for gold, e is the electron charge, 
0ε  is the vacuum permittivity, n is the electron density, em  is the electron mass, 
= 3.3 × 1013 s-1 is the collision frequency of electrons for bulk gold, and Fυ  is 
the Fermi velocity of electrons. As the layer thickness t approaches nanoscale 
values, free electrons start to feel the layer boundaries and the second term in 
Eq. (2.5) accounts for this increment of the electrons collisions frequency, while 
the plasma frequency stays the same [31]. The local Drude model may not be 
applicable for metal layers with the thickness below 10 nm [41]. Also there is an 
intensive clustering process for thin metal layers [40], and their fabrication, 
especially with thicknesses below 10 nm, is still challenging [42]. Therefore, the 
present model will focus on the strip plasmonic waveguides with the metal 
thickness values above the clustering threshold. Constraining the layer thickness 
t by 10 nm it is straightforward to show that Eq. (2.4) can be simplified as 
follows: 
[ ]
2
p F
Au Au 2 2Im (Im[ ]) ,( )t
ω υ
ε ε
ω γ ω∞ ∞
≈ +
+
                                 (2.6) 
where Au(Im[ ])ε ∞  is the imaginary part of the dielectric permittivity for bulk gold. 
The real part and imaginary part of the dielectric permittivity function Au ( )tε  for 
thin gold layers were calculated at the wavelength 1064 nm, and for the layers 
thickness t in the range from 10 to 60 nm. The dependences AuRe[ ( )]tε  and 
AuIm[ ( )]tε  are shown in Fig. 2.1(b). The real part AuRe[ ]ε  is negative and changes 
insignificantly by only approximately 0.9%. This is because the collision 
γ∞
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frequency of electrons fγ  is much less than telecom optical frequencies: fγ  is 
approximately 17.2 × 1013 s-1 at the thickness t = 10 nm and decreases to 
approximately 5.6 × 1013 s-1 at the thickness t = 60 nm. In contrary, the 
imaginary part AuIm[ ]ε  changes by an order of magnitude. The calculated values 
of the linear refractive index 
2SiOn  for silicon dioxide, the linear refractive index TPOn  
for tantalum pentoxide, and the dielectric permittivity Auε  for thin gold layers are used 
for the modeling of the long-range surface plasmon polaritons propagation in the 
strip plasmonic waveguides. 
 
Figure 2.1. (a) Linear refractive indices 
2SiOn  for silicon dioxide and TPOn  for 
tantalum pentoxide versus wavelength. (b) Real part and imaginary part of the 
dielectric permittivity Auε  for gold layers with different thickness at the 
wavelength 1064 nm. 
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2.2. Strip plasmonic waveguides 
The designed geometry of the strip plasmonic waveguides is shown in Fig. 2.2. 
It contains the gold core with the thickness t, tantalum pentoxide layers with 
thickness t1, and thick silica cladding. The waveguide has the microscale width 
w and millimeter scale length l. The thickness of the SiO2 cladding is large 
enough to cover the long-range surface plasmon polariton mode distribution in 
the yz-plane. The propagation constant β of the plasmonic mode in this 
multilayer configuration can be calculated by using the effective refractive index 
method [43]. This method is well-known and often applied for the modal 
analysis of multilayer waveguides. The first step here is to calculate the 
propagation constant β∞  of the long-range surface plasmon polariton mode in 
the symmetric slab waveguide with five layers of materials (silica, tantalum 
pentoxide, gold, tantalum pentoxide, and silica), assuming the infinitely large 
width of the layers, namely w = ∞.   
 
Figure 2.2. Geometry of the strip plasmonic waveguide. 
By using Maxwell’s equations and boundary conditions [44, 45] it is 
straightforward to show that the dispersion equation for the propagation constant 
β∞   in the symmetric five-layer system is given by:  
12 
 
2 1 2 12 1 2 1
2 1 2 13 2
3
3 2 2 1 2 12 1 2 1
2 1 2 1
tanh .
2
k k k kk t k te ek kt k
k k k kk t k te e
ε ε ε ε
ε ε
ε ε ε ε
   
   
     
      
   
   
−+ − −
= −
−+ + −
                     (2.7) 
Here 2 2 2/j jk cβ ε ω∞= −  (j = 1, 2, 3) are the wave vectors for silica, tantalum 
pentoxide and gold, respectively. This dispersion equation is solved numerically 
for β∞ , and the effective linear refractive index of the LRSPP mode is 
eff /n cβ ω∞=  . Then, the effective linear refractive index effn  of the slab 
waveguide is used to determine the propagation constant β of the long-range 
surface plasmon polariton mode in the finite-width strip waveguide by solving 
the standard dispersion equation [43]:  
2
2 22 2 2 2
SiO2 2 2eff eff
2 2 2tan .2
nn nw
c c c
ωω ω
β β β
 
− − = −  
 
                    (2.8) 
The normalized propagation constant eff1/ nc ωβ β= =  corresponds to the 
effective linear refractive refractive index of the LRSPP mode. Equation (2.8) 
has several roots, which correspond to different LRSPP spatial modes. The 
fundamental LRSPP mode has the largest value of the effective linear refractive 
index effn  [43], and the effective refractive indices of other roots are in the range 
1 eff1 effn n n< < . The present work will focus further on the fundamental LRSPP 
mode, which is a transverse magnetic (TM) mode with the magnetic field 
pointed along the y-direction, and the electric field pointed along the z- and x-
directions. The real part of the effective linear refractive index eff1Re[ ]n  and the 
linear absorption parameter 2Imα β  =  were calculated in the wavelength range 
from 800 to 1550 nm, and for the gold layer thickness t = 22, 27, and 35 nm 
(Fig. 2.3). These specific values of the thickness were selected mainly to follow 
the recent experimental studies [Paper A, Paper C]. These values of the 
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thickness are above the clustering threshold, that is approximately 10 nm, and 
they are small enough to provide low-loss propagation of the LRSPP mode. 
Figure 2.3 shows that the linear propagation loss of the LRSPP mode is smaller 
(and the characteristic propagation distance is larger) for the strip plasmonic 
waveguides with thinner gold layers. In terms of the linear propagation loss, the 
IR wavelength range (in particular, the telecom wavelength range) is more often 
used than the visible range, as the values of the propagation loss in the strip 
plasmonic waveguides change by approximately one order of magnitude. In the 
calculation the thickness of the tantalum pentoxide layer t1 = 26 nm, and the 
width of the layers w = 10 μm. These specific values of the width w and 
thickness t1 were also selected mainly to follow the fabrication of the samples 
and experimental results, which are presented in [Paper C]. 
The transverse electric field component zE  of the LRSPP mode has the 
dominant contribution to the plasmonic mode intensity and will be considered in 
detail further. The normalized electric field intensity distribution function 
2
z ( , )E y z  of the LRSPP mode was calculated in the transverse sections of the 
strip plasmonic waveguide, and for the gold layer thickness t = 22, 27, and 35 
nm (Fig. 2.4). Figure 2.4(a) shows the distribution function 2zE  in the 
transverse xy-plane and in the micrometer range. In fact, it determines the 
necessary thickness of the silica cladding to completely cover the LRSPP mode 
distribution. It is easy to see that the distribution function 2zE  of the 
fundamental LRSPP mode significantly decays after approximately 1 μm, 
therefore around 3-5 μm thickness of the silica cladding is usually enough 
during the fabrication of the samples. Figure 2.5(c) shows the distribution 
function 2zE  in the transverse xy-plane and in the nanometer range. The 
distribution function 2zE  experiences a step-like behavior at the interface of 
gold and tantalum pentoxide, and at the interface of tantalum pentoxide and 
silica, as expected from the boundary conditions [30, 45]. The gold layer 
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thickness t does not affect the intensity distribution function 2zE  in the z-plane 
[Fig. 2.4(b)]. The two-dimensional distribution function 2z ( , )E y z  of the 
fundamental LRSPP mode with a good accuracy can be expressed in terms of a 
product of the one-dimensional distribution functions: z z z( , ) ( ) ( )E y z E y E z= . In 
fact, the value of the propagation constant β∞  for the infinitely wide slab 
waveguide differs by less than one percent from the value of the propagation 
constant β of the finite-width strip waveguide, thus justifying the variables y and 
z separation in the expression for the two-dimensional distribution function 
z ( , )E y z . This important property of the distribution function z ( , )E y z  will be used 
further in the calculation of the field integrals for the constituent materials of the 
strip plasmonic waveguide.  
 
 
Figure 2.3. Real part of the effective linear refractive index effn  (a) and linear 
propagation loss coefficient α (b) of the fundamental LRSPP mode in the strip 
plasmonic waveguides for the gold layer thickness  t = 22, 27, and 35 nm versus 
wavelength.  
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Figure 2.4. Intensity distribution function 2z ( , )E y z  of the fundamental LRSPP 
mode in the strip plasmonic waveguides for the gold layer thickness  t = 22, 27, 
and 35 nm versus (a) z-axis in the micrometer range, (b) y-axis in the 
micrometer range, and (c) z-axis in the nanometer range.  
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2.3. Chromatic dispersion 
The first and second derivatives of the real part of the propagation constant β 
determine the chromatic dispersion parameters of the long-range surface 
plasmon polariton mode in strip plasmonic waveguides. The first dispersion 
derivative 1 /d dβ β ω=  is related to the group velocity gυ  and the group linear 
refractive index gn  of the LRSPP mode by the following expression [34]: 
g
g
1
1 .n
c
β
υ
= =                                                       (2.9) 
The second dispersion derivative 2 22 /d dβ β ω= , which is also referred as the 
group velocity dispersion (GVD) parameter, is related to the characteristic 
dispersion length DL  of the LRSPP mode as follows [34]: 
2
0
D
2
,TL
β
=                                                    (2.10) 
where 0T  is the half-width (1/e-intensity value) in the case of Gaussian shape of 
optical pulses in the strip plasmonic waveguides. In practice, it is also 
convenient to use the full width at half maximum (FWHM). For a Gaussian 
pulse, these parameters are related by the following formula [34]: 
FWHM 02 .ln 2T T=                                             (2.11) 
The FWHM parameter of Gaussian pulses is often referred simply as the pulse 
duration. The group linear refractive index gn  and the GVD parameter 2β  of the 
LRSPP mode in the strip plasmonic waveguides were calculated in the 
wavelength range from 800 to 2000 nm and for the gold layer thickness t = 22, 
27, and 35 nm [Fig. 2.5(a) and 2.5(b)]. The normalized group velocity gυ  and the 
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characteristic dispersion length DL  of the LRSPP mode were calculated in the 
wavelength range from 800 to 1550 nm and for the same values of the gold layer 
thickness [Fig. 2.5(c) and 2.5(d)]. The average value of the group velocity gυ  at 
the wavelength 1064 nm is approximately 67 percent of the speed of light in 
vacuum. The ZDW values of the LRSPP mode in the strip plasmonic 
waveguides are approximately 1.7 μm, 1.8 μm, and 1.93 μm for the gold layer 
thickness 22, 27, and 35 nm, respectively. Meanwhile, the ZDW value of the 
LRSPP mode at the telecom wavelength 1.55 μm can be achieved in plasmonic 
waveguides with the gold layer thickness 15 nm. This thickness is above the 
clustering threshold [40] and it can be interesting to fabricate the waveguides 
with thinner gold layers and implement the anomalous-dispersion regime (when 
2β  < 0) in propagation of the optical pulses. The magnitude of the GVD 
parameter 2β  is approximately ten times greater (~10
-4 ps2/mm=102 ps2/km) than 
typical GVD values for single-mode optical fibers (~10 ps2/km) [34-36]. The 
characteristic dispersion length LD for optical pulses with the Gaussian shape 
and the pulse duration FWHMT  = 3 ps (also simply referred as 3-ps pulses) is in the 
range from 200 to 1000 mm, and is significantly greater than the physical length 
of the strip plasmonic waveguides l (which is usually in the millimeter range). 
Therefore, the chromatic dispersion has a very small effect on the propagation of 
the picosecond long-range surface plasmon polaritons in the strip plasmonic 
waveguides. Nevertheless, the calculation of the chromatic dispersion 
parameters of the LRSPP mode is important and can be used in the case of very 
short (tens of femtoseconds) optical pulses, when the characteristic dispersion 
length is comparable or shorter than the physical length of the waveguides.      
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Figure 2.5. Chromatic dispersion parameters of the LRSPP mode in the strip 
plasmonic waveguides for the gold layer thickness t = 22, 27, and 35 nm: (a) 
group linear refractive index gn , (b) group velocity dispersion parameter 2β , (c) 
normalized group velocity g / cυ , and (d) characteristic dispersion length DL  for 
3-ps optical pulses versus wavelength. 
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2.4. Nonlinear parameters 
For the quantitative analysis of effective nonlinear properties of the fundamental 
long-range surface plasmon polariton mode in the strip plasmonic waveguide, 
one can calculate the field integrals of the plasmonic mode in the constituent 
materials, according to the following expressions: 
/2
2
z
/2
Au
2
z
,
t
t
E dz
E dz
θ −+∞
−∞
∫
=
∫
                                                   (2.12) 
1
2 5
/2
2
z
/2
Ta O
2
z
2
,
t t
t
E dz
E dz
θ
+
+∞
−∞
∫
=
∫
                                              (2.13) 
1
2 2 5
2
z
/2
SiO Au Ta O
2
z
2
1 .t t
E dz
E dz
θ θ θ
+∞
+
+∞
−∞
∫
= = − −
∫
                            (2.14) 
The initial two-dimensional integrals over the plasmonic mode area in the yz-
plane were reduced to one-dimensional integrals over the z-coordinate by 
applying the variables separation justified above: z z z( , ) ( ) ( )E y z E y E z= . In fact, the 
one-dimensional integrals over the y-coordinate have the same values in the 
numerator and denominator and are canceled due to the waveguide symmetry. 
The real and imaginary parts of effective third-order nonlinear susceptibility 
(3)χ  of the long-range surface plasmon polariton mode in the strip plasmonic 
waveguides are expressed by the following expression: 
2 5 2
(3) (3) (3) (3)
Au 3 Ta O 2 SiO 1Re Re ,χ θ χ θ χ θ χ      = + +                      (2.15) 
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(3)
Au
(3)
3Im Im .χ θ χ      =                                         (2.16) 
Here (3)1χ  is the third-order nonlinear susceptibility for the silicon dioxide 
cladding [46], (3)2χ  is the third-order nonlinear susceptibility for the tantalum 
pentoxide layers [47] and (3)3χ  is the third-order nonlinear susceptibility of the 
gold layer. The third-order nonlinear susceptibility of bulk gold (3)χ∞  is given by 
the following formula [24]:  
(3) e lat inter
0 Au r th
e lat e
1 Im[ ] ( ) ,
2 C C T
γ γ εχ ε ω ε τ τ∞
∂= −
∂
                        (2.17) 
where eC  ≈ 2.1 × 104 J/(m3 ∙K) is the electronic heat capacity per unit volume of gold 
[48], latC ≈ 2.5 × 106 J/(m3 ∙K)  is the lattice heat capacity per unit volume of gold [48], 
eγ  ≈ 2 THz  is the electron thermalization rate [49], latγ  ≈ 1 THz  is the lattice 
thermalization rate [49], G ≈ 20 PHz is the electron-photon coupling coefficient [48], 
th e lat1/ ( )τ γ γ= +  ≈ 300 fs  is the decay time for nonthermalized electrons [24], 
r e lat e lat/ [ ( )]C C G C Cτ = +  ≈ 1 ps is the decay time for thermalized electrons [24], 
and inter e/ Tε∂ ∂  is the complex value of the interband thermo-modulational 
derivative [24].  
To calculate the thickness dependent third-order nonlinear susceptibility of 
gold layer (3)3 ( )tχ , one can substitute the thickness dependent permittivity Au ( )tε  
from Eq. (2.6) into Eq. (2.17) and obtain the following expression: 
(3) (3) F
3 1 .t
υχ χ
γ∞ ∞
 
 
 
= +                                           (2.18) 
In the derivation of Eq. (2.18) all parameters in the two-temperature model were 
assumed thickness independent, except the dielectric permittivity of gold layer 
Auε . For very small values of the gold layer thickness t, the model of the third-
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order nonlinear susceptibility must be revised by using nonlocal and quantum 
approaches [41, 50]. The real and imaginary parts of the third-order nonlinear 
susceptibility (3)3χ  were calculated at the wavelength 1064 nm, and for the gold 
layer thickness t in the range from 10 to 60 nm. The obtained dependences are 
shown in Fig. 2.6, and indicate the effective enhancement of the third-order 
nonlinear susceptibility (3)3χ  in approximately 3 times as the layer thickness t 
decreases from 60 nm to 10 nm. The horizontal asymptotes in Fig. 2.6(a) and 
2.6(b) correspond to the values of the real part and imaginary part of the third-
order nonlinear susceptibility (3)χ∞  of bulk gold at the wavelength 1064 nm, 
respectively [24]. The value of the real part of the third-order susceptibility (3)χ∞  
is approximately 4.6 × 10-17 m2/V2, and the values of the imaginary part of the 
third-order susceptibility (3)χ∞  is approximately 4.8 × 10
-18 m2/V2. The real part of 
the third-order susceptibility (3)3Re[ ]χ  is around 10 times greater in magnitude 
than the imaginary part of the third-order susceptibility (3)3Im[ ]χ  for the same 
values of the layer thickness t. Figure 2.6 also shows the thickness limitations. 
The classical Drude model based on Eq. (2.3)-(2.5) cannot be completely 
applicable in the case of gold layers with the thickness t below approximately 
10-15 nm due to possible quantum effects [50], nonlocal effects [41], and also 
clustering of the metal layer [40]. On the other hand, the coupled long-range 
surface plasmon polariton mode breaks down in the case of gold layers with the 
thickness t above approximately 50-60 nm due a small penetration depth of 
surface electromagnetic waves in the metal [51, 52]. Therefore, the effective 
range of the gold layer thickness t is approximately from 15 to 50 nm for 
experimental studies of nonlinear propagation of the LRSPP mode in the strip 
plasmonic waveguides. 
The literature values of the third-order nonlinear susceptibility  of bulk 
gold at the wavelength 1550 nm are approximately the same as the ones at the 
wavelength 1064 nm [24], however the values of the linear propagation loss 
(3)χ∞
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parameter α of the LRSPP mode in the strip plasmonic waveguides are 
significantly smaller at the wavelength 1550 nm [Fig. 2.3(b)]. Thus, the 
wavelength 1550 nm can be a good option for an experimental study of 
nonlinear plasmonic effects in the gold strip waveguides. Depending on the 
fabrication process, in the case of continuous gold layers with the thickness t 
approximately 10-15 nm, an anomalous-dispersion regime of propagation of the 
LRSPP mode in the strip plasmonic waveguides can be realized at the telecom 
C-band wavelengths. This opens up a possibility to excite solitons in the strip 
plasmonic waveguides.  
  
Figure 2.6. (a) Real part and (b) imaginary part of the third-order nonlinear 
susceptibility (3)3χ  of bulk gold (black lines) and thin gold layers (green lines) at 
the wavelength 1064 nm.   
For the wavelength 800 nm, the value of the real part of the third-order 
nonlinear susceptibility of bulk gold  is approximately 40 percent greater, 
and the value of the imaginary part of the third-order nonlinear susceptibility of 
bulk gold  is approximately 5 times greater than the ones at the wavelength 
1064 nm. Therefore, in this case, the nonlinear absorption has a more dominant 
effect on nonlinear dynamics of the LRSPP mode in the strip plasmonic 
waveguides. The values of the linear propagation loss parameter α of the LRSPP 
(3)χ∞
(3)χ∞
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mode are significantly larger than at the wavelength 1064 nm [Fig. 2.3(b)]. 
Depending on the experimental equipment, in particular, the laser source and 
detection device, the wavelength 800 nm is possible for experimental studies of 
the LRSPP mode in the strip plasmonic waveguides. The physical length l of the 
waveguides should as small as possible, for instance, 1 mm or even less. In one 
of the recent experiments, Baron et al. [53] measured the imaginary component 
of the third-order nonlinear susceptibility for bulk gold by studying nonlinear 
propagation of SPPs at a single air/metal interface at the wavelength 800 nm.        
The effective nonlinear refractive index 2effn , nonlinear absorption coefficient 
β and nonlinear parameter γ  of the LRSPP mode in the strip plasmonic 
waveguides are given by the following expressions [34, 54]: 
(3)
2eff 2
0 0
3 R ,
4
]e[n
cn
χ
ε
=                                              (2.19) 
c
2 2
eff ef
)
0
3
f
(
0
3 Im[ ,
2
]
A c n A
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= =                                      (2.20) 
2eff
eff
.n
c A
ωγ =                                                         (2.21) 
Here cβ  is the conventional definition of the nonlinear absorption coefficient 
[54], and effA  is the effective area of the fundamental LRSPP mode calculated by 
the following formula [34]: 
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∫ ∫
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The parameters of the fundamental LRSPP mode, namely the field integrals Auθ , 
2 5Ta O
θ , 
2SiO
θ , effective area effA , linear refractive index effn , nonlinear absorption 
coefficient β , and nonlinear coefficient γ  were calculated for the gold layer 
thickness t = 22, 27 and 35 nm, and presented in Table 2.1. And the values of 
the third-order nonlinear susceptibility (3)3χ , and the linear refractive index Aun  of 
the gold layers with the thickness t = 22, 27 and 35 nm are also shown in Table 2.1. 
The variations of the obtained values were calculated by changing the gold layer 
thickness t by 1 nm. The same values of the tantalum pentoxide layer thickness 
t1 = 26 nm, layers width w = 10 μm, and the wavelength 1064 nm were used, 
mainly to follow the fabrication of the samples and experimental results, which 
are presented in [Paper C]. 
The literature value of the third-order susceptibility (3)1χ  for silica is 
approximately 2.07 × 10-22 m2/V2 [46], and the literature value of the third-order 
susceptibility (3)2χ  for tantalum pentoxide is approximately 1.12 × 10
-20 [47]. The 
calculated values of the field integrals indicate that the most of the electric field 
of the fundamental LRSPP mode (around 97%) is localized in the silica 
cladding. However, the specific contributions from tantalum pentoxide 
2 5
(3)
Ta O 2θ χ  
and silica 
2
(3)
SiO 1θ χ  to the real part of the effective third-order nonlinear 
susceptibility ( )3χ  of the LRSPP mode are of the same order of magnitude (~3 × 
10-22 m2/V2 and ~2 × 10-22 m2/V2, respectively). The specific contribution from 
the gold layer is approximately two orders of magnitude greater (~2 × 10-20 
m2/V2), and is therefore dominating. The imaginary part of the effective third-
order nonlinear susceptibility ( )3χ  is solely determined by the imaginary part of 
the third-order nonlinear susceptibility (3)3χ  of the gold layer. The dielectrics 
have only the real component of the third-order nonlinear susceptibility because 
the photon energy at 1064 nm is far below half of the bandgap energy for silica 
and tantalum pentoxide. Thus, the dominant role of the third-order nonlinearity 
of the gold layer in the effective third-order nonlinearity of the LRSPP mode in 
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the strip plasmonic waveguides is confirmed. This conclusion about the 
dominant role of the metal nonlinearity is in accordance with the recent 
theoretical results published by Baron et al. for other plasmonic systems [53].  
 
Table 2.1. Parameters of the fundamental LRSPP mode in the strip plasmonic 
waveguides: the field integrals Auθ , 2 5Ta Oθ , 2SiOθ , effective area effA , linear 
refractive index effn , nonlinear absorption coefficient β , nonlinear coefficient γ , 
and the values of the third-order nonlinear susceptibility (3)3χ  and the linear 
refractive index Aun  of the gold layers with the thickness t = 22, 27 and 35 nm and at 
the wavelength 1064 nm.  
t, nm 35 ± 1 27 ± 1 22 ± 1 
, 10-3 0.1872 ± 0.0055 0.1397 ± 0.0062 0.1084 ± 0.0063 
 0.0298 ± 0.0004 0.0263 ± 0.0004 0.0239 ± 0.0005 
 0.9701 ± 0.0005 0.9736 ± 0.0005 0.9760 ± 0.0005 
 1.4649 ± 0.0003 1.4603 ± 0.0003 1.4576 ± 0.0003 
, 10-2 0.0265 ± 0.0009 0.0179 ± 0.0009 0.0143 ± 0.0009 
 0.1352 ± 0.0020 0.1570 ± 0.0034 0.1786 ± 0.0050 
 6.4223 ± 0.0001 6.4208 ± 0.0003 6.4192 ± 0.0004 
, μm2 9.17 ± 0.11 10.24 ± 0.16 11.15 ± 0.20 
, 1/(W·m) 0.139 ± 0.005 0.095 ± 0.005 0.069 ± 0.005 
, 1/(W·m) 0.77 ± 0.03 0.52 ± 0.03 0.38 ± 0.03 
, m2/V2 10.03 × 10-17 11.65 × 10-17 13.27 × 10-17 
, m2/V2 10.58 × 10-18 12.29 × 10-18 14.00 × 10-18 
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2.5. Pulse propagation equation 
Once the linear and nonlinear optical parameters of the fundamental LRSPP 
mode in the strip plasmonic waveguide are known, the propagation dynamics of 
the mode is well described by the pulse propagation equation, which is often 
referred as the nonlinear Schrödinger equation [34]: 
2 2 ,
2 2
A i A A A A A
x
α βγ∂ = − −
∂
                                      (2.23) 
where ( , )A x T  is the complex amplitude of an optical pulse, x is the propagation 
coordinate, T is the time coordinate in the co-moving frame of the input pulse. 
The first and third term correspond to the self-phase modulation (SPM) and 
nonlinear absorption, respectively. The chromatic dispersion has been neglected, 
which is a good approximation as dispersion length DL  for picosecond optical 
pulses in the strip plasmonic waveguides is significantly larger than the physical 
length l of the waveguides. The formal solution to Eq. (2.23) is the following 
[34]:  
( ) [ ]NL ,, ( , ) exp ( , )A x T P x T i x Tφ=                                 (2.24) 
where ( , )P x T  is the pulse power amplitude and NL ( , )x Tφ   is the pulse nonlinear 
phase. Substituting this solution in Eq. (2.23) gives the following system of 
differential equations: 
( ) 2
NL
,( , ) , ( , )
( , ) ( , ).
P x T P x T P x T
x
x T P x T
x
α β
φ γ





∂ = − −
∂
∂ =
∂
                         (2.25) 
27 
 
The system is straightforward to solve for the Gaussian pulse initial conditions: 
( ) 0
2 2
0exp / ), (0P T P T T−=  and ( )NL 0, 0Tφ = : 
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These solutions describe how the peak power ( , )P x T   and nonlinear phase 
NL ( , )x Tφ  of optical pulses in the strip plasmonic waveguides change in the time 
domain upon propagation. For practical purposes, the formula for the peak 
power ( , )P x T  can be modified to obtain a formula for the average values of the 
power P  of light at the input and output of the plasmonic waveguides, which are 
the observable and directly measurable physical values. The equation for the 
pulse energy ( )E x  is expressed as: 
       ( ) ( )
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            (2.27) 
It is straightforward to show that if the integral in Eq. (2.27) is expanded in the 
Taylor series up to the second order term, the equation for the pulse energy can 
be simplified to the following form:  
( ) 00 0
1 ,
2
x
x P eE x PT e
α
α π βπ
α
−
−  
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 
−= −                                (2.28) 
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where rep( ) ( ) /E x P x f=  is the optical pulse energy in the plasmonic waveguides 
expressed in terms of the average power ( )P x , and the laser repetition rate repf . 
The peak power 0P   is related to the average input power 0P  as follows: 
0
0 r p
0
e
.P
T f
P
π
=                                                     (2.29) 
By substituting the expression for the pulse energy ( )E x  and the pulse peak 
power 0P  in Eq. (2.28), and accounting that 1xe α− <<   at the output of the 
plasmonic waveguide (x = l) because of the high values of the linear propagation 
loss parameter α [Fig. 2.3(b)], the following equation for the average output 
power ( )P l  is obtained: 
0
2
0 rep
0( .) 2
l lP e
f
Pl e
T
Pα απ β
α
− −= −                                     (2.30) 
This equation can be used for practical applications since the average input and 
output power of light are the directly measurable by experimental equipment. 
This equation shows that the average output power ( )P l  of optical pulses after 
propagation in the strip plasmonic waveguides with the length l depends 
nonlinearly on the average input power 0P , and an asymptotic saturation of 
dependency 0( ){ }P l P  is expected at high values of 0P . The nonlinear 
transmission trends 0( ){ }P l P  depends on the linear propagation loss coefficient α, 
laser repetition rate repf , pulse half-width 0T  (or pulse duration FWHMT , 
respectively), nonlinear absorption parameter β  of the LRSPP mode, and also 
the physical length l of the strip plasmonic waveguides. The calculated power 
trends 0( ){ }P l P  for the gold layer thickness t = 22, 27 and 35 nm (Fig. 2.7) 
confirm the expected nonlinear behavior. The second term in Eq. (2.30) 
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becomes important at values of the average input power 0P  above approximately 
0.15-0.2 W. The possible saturation of the output power ( )P l  can be achieved at 
values of the input power 0P  above approximately 0.5 W. The obtained 
nonlinear transmission trends 0( ){ }P l P  significantly depend on the gold layer 
thickness t, and the power saturation is achieved faster for the strip plasmonic 
waveguides with thinner gold layers. Therefore, it confirms a conclusion that the 
gold layer thickness t is one of the main parameters for the third-order nonlinear 
optical properties of the LRSPP mode in the strip plasmonic waveguides. In the 
calculation the thickness of the tantalum pentoxide layer t1 = 26 nm, the width of 
the layers w = 10 μm, the physical length of the waveguides l = 3 mm, the laser 
peak wavelength 1064 nm, the laser repetition rate repf  = 78 MHz, and the pulse 
duration FWHMT  = 3 ps were used. These specific values of the waveguides 
geometry parameters, and the laser parameters were selected mainly to follow 
the fabrication of the samples and experimental results, which are presented in 
detail in [Paper C]. 
The second nonlinear effect is related to spectral features of the LRSPP mode 
in the strip plasmonic waveguides. The power spectral density (PSD) of optical 
pulses in W/Hz is given by the squared Fourier transform of pulse amplitude 
( , )A x T  as follows [34]: 
( )
2
repPSD , ( , ) .i Tx f A x T e dTωω
+∞
−∞
= ∫                                   (2.31) 
By substituting the expressions for the pulse power amplitude ( , )P x T  and 
nonlinear phase NL ( , )x Tφ  of optical pulses in Eq. (2.31), the final formula for the 
PSD is obtained: 
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where c 2 /cω π λ=  is the carrier frequency, which corresponds to the wavelength 
1064 nm, and eff (1 ) /lL e α α−= −  is the effective length of the LRSPP mode. The 
numerical modeling based on Eq. (2.32) for the gold layer thickness t = 22 nm 
(Fig. 2.8) shows that the nonlinear spectral broadening and splitting of the 
Gaussian input pulse significantly depends on the average input power 0P . The 
pulse splitting occurs at values of the average power 0P   around 0.2 W. This 
nonlinear spectral effect was observed in one of the recent experiments [Paper 
C]. The further increase of the average input power 0P  leads to the splitting and 
formation of more self-phase modulation peaks. The cases of other thickness 
values (27 nm and 35 nm) and other wavelength values (800 nm and 1550 nm) 
are qualitatively the same. The splitting occurs at the average input power 0P  
around 0.1 W at the wavelength 1550 nm, and at the average input power 0P  
around 1.2 W at the wavelength 800 nm.  
The obtained spectral features of the fundamental LRSPP mode in the strip 
plasmonic waveguides are in accordance with the theoretical results for 
nonlinear properties of optical pulses in silicon waveguides [56-61]. The 
principal difference here is that the plasmonic waveguides have significantly 
larger values of the linear propagation loss parameter α and shorter physical 
length l than ordinary silicon waveguides. And comparable nonlinear spectral 
effects can be achieved. In the case of optical fibers, the required waveguide 
length l can reach hundreds of meters or more to receive the necessary nonlinear 
features. In this sense, strip plasmonic waveguides or silicon waveguides 
provide the same nonlinear optical functionality, can be integrated on-chip, and 
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used for different nonlinear applications with even very short propagation 
lengths. 
 
Figure 2.7. Nonlinear power transmission 0( ){ }P l P  of the LRSPP mode in the 
strip plasmonic waveguides for the gold layer thickness t = 22, 27, and 35 nm 
and at the peak wavelength 1064 nm. Black line indicates the linear propagation 
regime. 
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Figure 2.8. Self-phase modulation broadening of a 3-ps input Gaussian pulse 
with the peak wavelength 1064 nm in the strip plasmonic waveguides with the 
gold layer thickness t = 22 nm. 
 
2.6. Electron temporal dynamics in gold 
To model the pulse duration dependence of the third-order nonlinear 
susceptibility of gold, one can apply the two-temperature model of electron 
temporal dynamics [23, 24]. At first let us consider an ultrashort optical pulse 
with the Gaussian electric field profile [34]: 
2 2
0/(2 )
0( ) ,t T i tE t E e e ω− −=                                             (2.33) 
where 0E  is the electric field amplitude, 2 /cω π λ=  is the light angular 
frequency, t is the time coordinate, 0 / (2 ln(2))T T=∆  is the pulse half-width, T∆  
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is the pulse duration or the FWHM parameter. The mean absorbed power per 
unit volume of gold A( )P t  is given by the following formula [24, 62]: 
2 2 2 2
0 0
2 2
2 2 20 0 0 0 p/ /
A Au 2 2 2 2
0
( )Im[ ] 1 ,2 2 ( )
t T t T
E t E
P e eT
ε ω ε ω ω γε ω γ
− −
 
 
 
 
−= − +
+
              (2.34) 
where 2p 0 e/ne mω ε=  is the plasma frequency for gold, e is the electron charge, 
0ε  is the vacuum permittivity, n is the electron density, em  is the electron mass, γ 
is the collision frequency of electrons for bulk gold, Auε  is the dielectric 
permittivity for bulk gold. Equation 2.34 can be simplified for the wavelength 
range far from the interband transitions in gold, specifically, for the peak 
wavelengths 1030 nm and 1064 nm, as follows [63]:  
2 2
0
2 /
A 0 0 Au
1 Im[ ] .
2
t TP E eε ω ε −≈                                      (2.35) 
Then this expression for the mean absorbed power per unit volume of gold is 
used to solve the equations of the electron temporal dynamics [24, 25]:  
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                                   (2.36) 
where eC  ≈ 2.1 × 104 J/(m3 ∙K) is the electronic heat capacity per unit volume of gold 
[48], latC ≈ 2.5 × 106 J/(m3 ∙K)  is the lattice heat capacity per unit volume of gold [48], 
eγ  ≈ 2 THz  is the electron thermalization rate [49], latγ  ≈ 1 THz  is the lattice 
thermalization rate [49], G ≈ 20 PHz is the electron-photon coupling coefficient [48], 
34 
 
and ( )N t  is the energy density stored in the nonthermalized part of the electronic 
distribution.  
These equations of electron temporal dynamics can be solved directly in the 
time domain. It is convenient to define the initial thermal equilibrium of the 
electrons and lattice at the time t = 0. Therefore, the initial condition for the 
energy density of nonthermalized electrons is ( )N t  = 0, and the initial condition 
for the electronic and lattice temperatures is e lat(0) (0)T T= . The first step is to 
substitute the formula for the mean absorbed power A( )P t  to the first equation in 
Eq. (2.36) and solve the differential equation for ( )N t , using the initial condition 
( )N t  = 0. The solution for the energy density of nonthermalized electrons is 
given by the following expression:  
0 th( 4 )/ 0 0
0th th
( ) erf 4 erf .2 2
t T T T tN t Ae T
τ
τ τ
− +
    
    
        
= + − −                     (2.37) 
Here th e lat1/ ( )τ γ γ= + ≈ 300 fs  is the characteristic decay time for nonthermalized 
electrons, and 2 20 0 Au 0 0 0 th th( / 4) Im[ ] exp( ( 16 ) / 4 )A E T T Tπ ε ε ω τ τ= +  is the time 
independent constant. The second step is to substitute the obtained solution for 
the energy density of nonthermalized electrons to the second and third equations 
in Eq. (2.36). It is also convenient to define the electronic temperature variation, 
e e lat( ) ( ) ( )T t T t T t∆ = − , and the initial condition for the temperature variation 
function is e(0)T∆  = 0, that means the electrons and the lattice have the same 
equilibrium temperature. The solution for the electronic temperature variation 
e( )T t∆ from the second and third equations in Eq. (2.36) is given by the following 
formula:   
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where e lat lat e e lat( ) / ( )B A C C C Cγ γ= −  is also the time independent constant. Let us 
consider the dynamics of the input pulse intensity 2 202 /0( ) t TI t E e−= , the mean 
absorbed power A( )P t , the electronic temperature variation e( )T t∆ , and the energy 
density stored in the nonthermalized part of the electronic distribution ( )N t  for 
the incident pulse duration FWHMT  = 200 fs and 3 ps. The normalized functions 
are shown in Fig. 2.9 in the time domain and in Fig. 2.10 in the Fourier domain. 
They illustrate how ultrashort laser pulses interact with nonthermalized (out of 
equilibrium hot electrons, which cannot be described by the electron 
temperature) and thermalized (described by the elevated electron temperature) 
electrons in gold. At first the pulse energy is absorbed by the metal (indicated by 
A( )P t , red curve) and the nonthermalized electron density ( )N t  increases (blue 
curve). There is a clear difference in the two cases: as in the case of 200-fs 
pulses at the trailing edge of the pump pulse a delayed response of the 
nonthermalized electron density ( )N t  is observed, while in the case of 3-ps 
pulses the nonthermalized electron density ( )N t  follows the shape of the pump 
pulse almost exactly with only a small time delay. The next step is that 
electronic temperature variation e( )T t∆  increases as the nonthermalized electrons 
transfer their energy to other electrons and the lattice. In the case of 200-fs 
pulses there is an asymmetric shape due to the delayed nonthermalized electron 
density ( )N t  on the trailing edge of the pulse, while in the case of 3-ps pulse the 
shape of the electronic temperature variation e( )T t∆  is Gaussian. The increased 
electronic temperature variation e( )T t∆  dissipates during approximately 6-7 ps 
until the final thermal equilibrium of the electrons and the lattice is reached. The 
total thermalization rate in gold is significantly greater than typical values of the 
laser repetition rate (the repetition rate of the picosecond laser is 78 MHz, and 
the repetition rate of the femtosecond laser is 200 kHz). This implies that every 
laser pulse interacts with gold individually. In the case of pulse durations FWHMT  
longer than the electron-electron scattering rate (approximately above 10 fs), the 
36 
 
third-order nonlinear susceptibility of metal originates from the interaction of 
the optical pulse with the thermalized gas of electrons.  
 
Figure 2.9. Two-temperature model simulations of electron temporal dynamics 
in bulk gold for (a) 200-fs pulses at 1030 nm and (b) 3-ps pulses at 1064 nm. 
The mean absorbed power PA is almost exactly identical to the shape of the 
input pulse intensity I. For convenience, the input pulses are centered at the time 
t = 4T0 (notice the different scales on the x-axes).  
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Figure 2.10. Fourier transform of the input pulse intensity function I, mean 
absorbed power AP , electronic temperature variation eT∆ , and energy density 
stored in the nonthermalized part of electronic distribution ( )N t  for (a) 200-fs 
pulses at 1064 nm and (b) 3-ps pulses at 1064 nm.  
 
The equations of electron dynamics [Eq. (2.36)] can be also solved in the 
Fourier domain [24]. Specifically, the electronic temperature variation e( )T t∆  can 
be also obtained via the convolution of the mean absorbed power A( )P t  and the 
response function T( )h t  of gold. In this approximation, the time derivative of the 
nonthermalized electron density is /N t∂ ∂  = 0, that is equivalent to instantaneous 
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energy transfer from the nonthermalized electrons to thermalized electrons.  The 
response function of gold is given by the following formula [24, 25]:  
( )th r/ /T
th r
( )( ) ,t tth t e eτ τθτ τ
− −= −−                                      (2.39) 
where r e lat e lat/ [ ( )]C C G C Cτ = +  ≈ 1 ps is the characteristic decay time for the 
thermalized electrons, and ( )tθ  is the Heaviside step function. The function T( )h t  
is shown in Fig. 2.11. The response function of gold reaches its maximum value 
at the time t approximately 600 fs, and then decays during approximately 5-6 ps. 
In the present work, and the equations of the electron dynamics were solved 
analytically in the time domain, and Eq. (2.38) represents the solution for the 
electronic temperature variation e( )T t∆ .   
 
Figure 2.11. Temporal response function T( )h t  of gold. 
 
39 
 
Further the formulas for the mean absorbed power A( )P t  and the electronic 
temperature variation e( )T t∆  can be used to calculate the scaling of the third-
order nonlinear susceptibility (3)Auχ  for bulk gold (as well as thin gold layers), for 
different values of the incident pulse duration FWHMT . The obtained theoretical 
dependences of the third-order nonlinear susceptibility (3)Auχ  for thin gold layers 
explain well the experimental results on the imaginary part of the third-order 
nonlinear susceptibility (3)Auχ   for thin gold layers and for the pulse duration FWHMT  
= 200 fs and 3 ps [Paper A, Paper C]. The pulse duration dependences for the 
real part of the third-order nonlinear susceptibility (3)Auχ  are also calculated based 
on the experimental results on the third-order nonlinear susceptibility (3)Auχ   for 
the pulse duration FWHMT  = 3 ps [Paper C]. 
 
2.7. Pulse duration dependence of the third-order nonlinear 
susceptibility of gold 
The third-order nonlinear susceptibility (3)Auχ  of gold originates from the interaction 
of the ultrafast optical pulses with the excited gas of free electrons in gold. The pulse 
dynamics is characterized by the intensity function ( )I t , and the mean absorbed power 
per unit volume of gold  A( )P t . The excited gas of free electrons is characterized by 
the electronic temperature deviation function e( )T t∆ . By solving the two-
temperature model of electron temporal dynamics and the nonlinear Schrödinger 
equation [64] one can obtain the pulse duration dependence of the third-order 
nonlinear susceptibility of gold. The theoretical trends are shown in Fig. 2.12. The 
known values of the third-order nonlinear susceptibility 
2
(3)
Au,τχ  for the pulse 
duration 3 ps [Paper C] and the theoretical trends were used to calculate the 
values of the third-order nonlinear susceptibility 
1
(3)
Au,τχ  for the pulse duration 200 
fs. The experimental values of the imaginary part of the third-order nonlinear 
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susceptibility 
1
(3)
Au,τχ  of gold [Paper A] obtained for the pulse duration 200 fs at 
the wavelength 1030 nm, and the experimental values of the real part and 
imaginary part of the third-order nonlinear susceptibility 
2
(3)
Au,τχ  of gold [Paper C] 
obtained for the pulse duration 3 ps are also presented in Fig. 2.12. The direct 
comparison of the values of the nonlinear susceptibility of gold from both 
experiments can be justified by the fact that the wavelengths 1030 nm and 1064 
nm are far from the interband transitions in gold [24]. The obtained theoretical 
dependences agree well with the experimental values of the third-order 
nonlinear susceptibility (3)Auχ  for the pulse durations 200 fs and 3 ps. Figure 
2.12(b) shows that the imaginary part of the third-order nonlinear susceptibility 
(3)
Auχ  decreases by approximately one order of magnitude as the pulse duration 
decreases from 3 ps to 200 fs. The theoretical trends on Fig. 2.12 (a) show the 
expected values of the third-order nonlinear susceptibility of bulk gold and thin 
gold layers in the wide range of the pulse duration FWHMT  from 10 fs to 10 ps 
[Paper A]. The obtained theoretical trends show the characteristic saturation of 
the third-order nonlinear susceptibility of gold for longer (above approximately 
10 ps) optical pulses.  
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Figure 2.12. Pulse duration dependence of (a) real part and (b) imaginary part of 
the third-order nonlinear susceptibility (3)Auχ  of bulk gold and gold layers with the 
thickness t = 22, 27, and 35 nm. The experimental results on the third-order 
nonlinear susceptibility (3)Auχ  of thin gold layers are presented for the pulse 
duration 200 fs and the wavelength 1030 nm [Paper A], and for the pulse 
duration 3 ps and the wavelength 1064 nm [Paper C]. The theoretical lines were 
calculated from the two-temperature model and the nonlinear Schrödinger 
equation [64]. 
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Chapter 3 
Fabrication of samples 
 3.1. Preparation and selection of wafers 
The first step in the fabrication of the samples with the strip plasmonic 
waveguides was to design a mask for a standard ultraviolet (UV) lithography 
process, and also to select a proper wafer as a substrate. The design of the 
photolithographic mask was done by using the specialized layout editor for 
micro- and nanotechnology CleWin 5 [65]. This layout editor was used to 
design the length and width of the strip plasmonic waveguides in the xy-plane 
(Fig 2.2). The values of the thickness of the gold layer, tantalum pentoxide 
layers, and silicon dioxide cladding in the strip plasmonic waveguides were 
determined by the deposition times during the further steps in the fabrication of 
samples. It was important to determine the necessary values for the width and 
length of the waveguides before ordering of the photolithographic mask. Thus, 
the plasmonic waveguides were designed as strips of different width, ranging 
from 10 μm to 100 μm in one series, and from 1 μm to 10 μm in another series. 
The distance between the neighbor strips was designed as 100 μm, so it was 
convenient to observe and select in a microscope the strips of different widths. 
The characteristic decay of the LRSPP mode in the silica cladding near the strip 
plasmonic waveguides is approximately 1-2 μm (Fig. 2.4), thus, it was also 
convenient to investigate propagation the LRSPP mode in every plasmonic 
waveguide independently. An example of a series of the strip plasmonic 
waveguides, which were designed in the physical layout editor CleWin 5, is 
shown in Fig. 3.1. The purple strips are the designed plasmonic waveguides with 
the width values in the range from 10 μm to 100 μm and the white background 
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is the 100 μm spacing of silica. The photolithographic mask was ordered and 
shipped from Delta Mask B. V. (Netherlands). 
Then several wafers with a thick (approximately 6.5 μm) pre-made layer of 
silica were selected. The geometry of the selected wafers is standard: the 
thickness of silicon is approximately 525 μm, and the diameter is 4 inch (or 
approximately 10 cm). It was convenient to use the wafers with the pre-made 
cladding layer of silica because this layer was used as a bottom cladding layer 
for the strip plasmonic waveguides. A sketch of the selected wafer is shown in 
Fig. 3.2.  
 
Figure 3.1. Strip plasmonic waveguides with different width ranging from 10 to 
100 μm in the layout editor CleWin 5. The distance between waveguides is 100 
μm.   
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Figure 3.2. Sketch of the selected wafers with the pre-made layer of silica.  
 
3.2. Ultraviolet lithography  
The second step in the fabrication of the samples was the UV lithography 
process [66]. At first the selected wafers were pre-baked by using a standard 
hexamethyldisilazane (HMDS) oven. A photograph of the oven is shown in Fig. 
3.3(a). Then a photoresist layer was deposited on top of the wafers by using the 
coater system Spin Track 1+2 [67]. A photograph of the coater is shown in Fig. 
3.3(b). The thermally-stable negative photoresist AZ nLOF 2020 was selected 
for the ultraviolet lithography process. The ultraviolet exposure was performed 
by using the KS Aligner (SUSS MicroTec) [68]. A photograph of the KS 
Aligner is shown in Fig. 3.3(c). The development process was performed by 
using the tetramethylammonium hydroxide (TMAH) UV-lithography Developer 
(SUSS MicroTec) [68]. A photograph of the Developer is shown in Fig. 3.3(d). 
The quality of the UV lithography process was verified by using the optical 
microscope ECLIPSE L200 (Nikon) [69]. An example of a pattern of the strip 
plasmonic waveguides after the UV lithography process is shown in Fig. 3.4. 
The strips here correspond to the plasmonic waveguides and the background 
area is covered by the photoresist layer. And a sketch of the wafer after the 
ultraviolet lithography process is shown in Fig. 3.5. The obtained UV 
46 
 
lithography pattern agrees well with the strip waveguides pattern that was 
designed in the layout editor CleWin 5 (Fig. 3.1).  
 
Figure 3.3. Equipment for the UV lithography process: (a) HMDS oven, (b) 
Spin Track 1+2, (c) KS Aligner, and (d) TMAH UV-lithography Developer.  
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Figure 3.4. Pattern of the strip plasmonic waveguides in the optical microscope 
Nikon ECLIPSE L200 after the UV lithography process. 
 
Figure 3.5. Sketch of the wafer after the UV lithography process with the 
photoresist pattern. 
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3.3. Deposition of thin layers of metal and dielectrics  
The third step in the fabrication of the samples was a sputter deposition of thin 
layers of gold and tantalum pentoxide. The deposition process was performed by 
using the Lesker CMS 18 sputter system (Kurt J. Lesker Company) [70]. A 
photograph of the Lesker sputter system is shown in Fig. 3.6. At first the wafers 
were loaded in the transfer cassette (Fig. 3.6, left side). Then the sputter system 
took the wafers and transferred them to the vacuum chamber for the deposition 
process (Fig. 3.6, center). The machine has several channels (guns) for 
independent deposition of different materials. In this particular case, three 
materials were used: gold, tantalum pentoxide, and silicon dioxide. The sputter 
system was controlled by the internal computer (Fig. 3.6, right side). The 
program of the deposition process was configured by setting the deposition 
times of the standard recipes for different materials: radio frequency (RF) 
sputter deposition of the bottom layer of tantalum pentoxide, direct current (DC) 
sputter deposition of the central layer of gold, radio frequency sputter deposition 
of the top layer of tantalum pentoxide, and also reactive deposition of a small 
protection layer of silica. The main parameters of the deposition process for two 
wafers are shown in Table 3.1. The layers of different materials were deposited 
one after another in one sputtering program, and the known deposition times and 
rates were used to calculate the layers thickness values. During the deposition 
process the wafers were rotated in the vacuum chamber to ensure uniform 
deposition all over the surface. At the end of the process the sputter system 
moved back the ready wafers to the transfer cassette. A sketch of the wafer after 
the deposition process is shown in Fig. 3.7.  
Then the lift-off procedure was performed. The wafers were placed in a 
chemical solution (Piranha) and the chemical solution easily removed the 
photoresist layer. A sketch of the wafer after the lift-off procedure is shown in 
Fig. 3.8. Also the quality of the adhesion layers of tantalum pentoxide was 
verified by using an ordinary scotch tape. The tape was placed on the wafer 
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surface on top of the ridge plasmonic waveguides, and then removed. The layers 
remained the same on the wafer surface and, thus, the adhesion quality of 
tantalum pentoxide is very good. 
 
        
 
Figure 3.6. Lesker sputter system for thin films deposition. 
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Table 3.1. Parameters of the deposition process in the Lesker sputter system. 
Line Recipe 
Time 
(s) 
Gas 
Pressure 
(mtorr) 
Gun 
Power 
(W) 
Voltage 
(V) 
Target 
1 RF sputter Ta2O5 660 Ar 3.5 5 157 2 Ta2O5 
2 Source 4 DC 165 Ar 3 4 110 450 Au 
3 RF sputter Ta2O5 660 Ar 3.5 5 157 2 Ta2O5 
4 
SiO2 reactive O2 
ratio 10 
600 
10% O2 
in Ar 
3 1 90 610 Si 
5 RF sputter Ta2O5 660 Ar 3.5 5 157 2 Ta2O5 
6 Source 4 DC 82 Ar 3 4 110 450 Au 
7 RF sputter Ta2O5 660 Ar 3.5 5 157 2 Ta2O5 
8 
SiO2 reactive O2 
ratio 10 
600 
10% O2 
in Ar 
3 1 90 610 Si 
 
Figure 3.7. Sketch of the wafer after the deposition process with the layers of 
gold, tantalum pentoxide, and silica. 
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Figure 3.8. Sketch of the wafer after the lift-off procedure with the ridge strip 
plasmonic waveguides. 
 
3.4. Plasma-enhanced chemical vapor deposition  
The forth step in the fabrication of the samples was the plasma-enhanced 
chemical vapor deposition (PECVD) of the top cladding layer of silica. The 
wafers were placed in the deposition system STS Multiplex PECVD3. A 
photograph of the deposition machine is shown in Fig. 3.9. The wafers with the 
ridge plasmonic waveguides were placed in the transfer cassette (Fig. 3.9, left 
side). Then the wafers were moved to the PECVD deposition section, which is 
situated next to the transfer cassette (Fig. 3.9). The deposition program and all 
system parameters were controlled by the computer (Fig. 3.9, right side). The 
PECVD3 is used, in particular, to deposit thick layers of silica in the micrometer 
range. It has significantly higher speed of the silica deposition than the Lesker 
sputter system, but can deposit only silica, among the necessary constituent 
materials for the strip plasmonic waveguides. 
A standard program for the deposition of silica was selected, and the known 
deposition rate and time were used to calculate the expected thickness of the 
silica cladding. Taking into account the characteristic decay length of the 
plasmonic mode intensity distribution in the silica cladding (Fig. 2.4), 
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approximately 5 micrometers of the cladding layer of silica were deposited on 
top of the wafers with the strip plasmonic waveguides. Thus, the samples were 
ready. A sketch of the wafer after the PECVD deposition procedure is shown in 
Fig. 3.10. The quality of the fabrication of samples was verified by using several 
characterization devices, which are described below.    
 
Figure 3.9. Plasma-enhanced chemical vapor deposition machine STS 
Multiplex PECVD3.    
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Figure 3.10. Sketch of the wafer after the PECVD deposition process with the 
strip plasmonic waveguides. 
 
3.5. Scanning electron microscope characterization  
The first verification of the quality of the samples was performed by using the 
scanning electron microscopes (SEM) LEO and SUPRA (Carl Zeiss) [71, 72]. A 
photograph of the SEM-LEO microscope is shown in Fig. 3.11. The ready 
wafers were placed in the vacuum chamber (Fig. 3.11, left side). The system 
calibration and all measurements were controlled by the computer (Fig. 3.11, 
right side). This quality verification was done before the PECVD deposition of 
the top cladding of silica, because thick oxide layers shield the strip plasmonic 
waveguides and the electron beam microscope can image only the ridge 
nanostructures. An example of the imaging of the strip plasmonic waveguides 
using the SEM-LEO microscope is shown in Fig. 3.12. Here the optical 
magnification is approximately x1000. The strips correspond to the plasmonic 
waveguides and the background area is the bottom cladding of silica. The 
distance between the neighbor plasmonic waveguides is 100 μm, and their 
pattern agrees well with the designed pattern in the layout editor CleWin 5.  
54 
 
 
Figure 3.11. Scanning electron microscope LEO. 
To verify the quality of the deposited metal and adhesion layers, a separate test 
wafer was prepared. A silicon wafer with a thick (approximately 800 nm) layer 
of silica was used as a substrate. A gold layer and a tantalum pentoxide layer 
were deposited in the Lesker sputter system by the same procedure, but in 
different parts of the wafer. The surfaces of the deposited gold layer and 
tantalum pentoxide layer were imaged by the SEM-LEO microscope, and shown 
in Fig. 3.13. The gold surface has many bright dots related to the roughness 
spikes [Fig. 3.13(a)], and the tantalum pentoxide surface is smooth and free 
from any particles [Fig. 3.13(b)]. The imaging showed that both layers are 
continuous and of high quality. The gold surface was also imaged by the SEM-
SUPRA microscope, and shown in Fig. 3.14. Here the optical magnification is 
approximately x250000. This verification of the layers quality by the SEM 
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microscopes is important to ensure that the Lesker deposition process provided 
continuous layers of metal. Thus, no clustering process was happened during the 
layers deposition, and the Drude model based on Eq. (2.3)-(2.5) is well 
applicable to the deposited layers of gold [40]. 
 
Figure 3.12. SEM-LEO image of the strip plasmonic waveguides after the lift-
off procedure. 
 
Figure 3.13. SEM-LEO images of the (a) gold surface and (b) tantalum 
pentoxide surface. 
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Figure 3.14. SEM-SUPRA image of the gold surface. 
 
3.6. Atomic force microscope characterization   
The second verification of the quality of the samples was performed by using 
the atomic force microscope (AFM) Dimension Icon (Bruker) [73, 74]. A 
photograph of the AFM microscope is shown in Fig. 3.15. The ready wafer was 
transferred to the measurement platform in the chamber (Fig. 3.15, right side). 
The system calibration and all measurements were controlled by the personal 
computer (Fig. 3.15, left side). This quality verification was also done before the 
PECVD deposition of the top cladding of silica. At first the multilayer profile of 
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the strip plasmonic waveguides and surface roughness of the metal layer were 
investigated. An example of the imaging of the strip plasmonic waveguide using 
the AFM microscope is shown in Fig. 3.16(a). The waveguides profile contained 
four layers: a bottom layer of tantalum pentoxide (approximately 26 nm), gold 
layer (approximately 27 nm), top layer of tantalum pentoxide (approximately 26 
nm), and small layer of silica (approximately 21 nm). The sharp edges on the 
waveguide profile are the usual artifacts after the lift-off procedure [75]. Usually 
they do not contribute significantly to the propagation losses as the LRSPP 
mode intensity is close to zero at the waveguide edges [30]. The width of the 
waveguide also well agrees with the nominal width w = 10 μm, that was 
designed in the physical layout editor CleWin 5.  
 
Figure 3.15. Atomic force microscope Dimension Icon.  
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Then the surface measurements were performed [76, 77]. An example of the 
roughness measurements of the metal surface using the AFM microscope is 
shown in Fig. 3.16(b). It shows the spikes with the maximum height values of 
approximately 2 nm. The root mean square (RMS) value for the roughness of 
the deposited metal layers is approximately 0.67 nm. The 2D roughness profile 
of the deposited gold surface is shown in Fig. 3.17. The AFM has the maximum 
resolution 512 points per line, and the standard approach here is to measure a 
surface area with the length 2 μm, and width 2 μm. Thus, the resolution of the 
measurement is 4 nm per point. The bright dots in Fig. 3.17 correspond to the 
roughness spikes with the height approximately 2 nm. And the RMS value of the 
roughness is calculated all over the measured surface. The AFM measurement of 
the gold surface (Fig. 3.17) is in agreement with the previous imaging by using 
the SEM-SUPRA microscope (Fig. 3.14). So the AFM measurements and SEM 
imaging are complementary to verify the quality of the metal surface and the 
strip plasmonic waveguides. Also the roughness of the original pre-made 
cladding layer of silica with the thickness 6.5 μm was verified by using the same 
procedure. The RMS value for the roughness of the bottom silica cladding is 
approximately 0.23 nm.         
 
Figure 3.16. AFM measurements: (a) waveguide profile and layers scheme, and 
(b) metal layers roughness. 
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Figure 3.17. AFM measurement of the gold surface roughness. 
 
3.7. Multiple-angle reflectometer characterization   
The third verification of the quality of the samples was performed by using the 
multiple-angle reflectometer FilmTek 4000 and the ellipsometer VASE (John A. 
Woollam Company) [78]. A photograph of the FilmTek is shown in Fig. 3.18, 
and a photograph of the ellipsometer VASE is shown in Fig. 3.19. The ready 
wafer was placed on the measurement platform (Fig. 3.18, right side, and Fig. 
3.19, left side). The system calibration and all measurements were controlled by 
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the personal computer (Fig. 3.18, left side, and Fig. 3.19, right side). This 
quality verification was done after the PECVD deposition of the top cladding of 
silica. The characterization systems measure the thickness and linear refractive 
index of the silica cladding. An example of the thickness measurement of the 
silica cladding by using the FilmTek is shown in Fig. 3.20. The program 
selected five different points on the wafer surface and measured the thickness. 
The average thickness of the silica cladding is approximately 11.5 μm. The 
program took into account the whole thickness of silica on the wafer that is 
approximately 6.5 μm of the pre-made cladding layer and approximately 5 μm 
of the deposited top cladding layer. The measurement also showed that the 
surface of the ready wafer is not strictly flat, and the height at the center of the 
wafer is approximately 2 percent greater than the height at the wafer edges.  
 
Figure 3.18. Multiple-angle reflectometer FilmTek 4000. 
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The linear refractive index of the silica cladding was measured by using the 
ellipsometer VASE (Variable Angle Spectroscopic Ellipsometry) [79]. The 
operating principle of both characterization devices is the same, but the 
ellipsometer VASE has somewhat broader NIR wavelength range than FilmTek 
4000. The linear refractive index for the deposited silica is approximately 1.456 
at the wavelength 1064 nm. 
 
Figure 3.19. Ellipsometer VASE.  
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Figure 3.20. Thickness measurement of the silica cladding by the multiple-angle 
reflectometer FilmTek 4000 at five different points on the wafer surface after the 
PECVD deposition. 
 
3.8. Optical microscope characterization   
The ready strip plasmonic waveguides were also imaged by using the optical 
microscope ECLIPSE L200 (Nikon) [69]. An example of the waveguides 
pattern in the optical microscope is shown in Fig. 3.21. Here the optical 
magnification is x20. The gold strip waveguides with different width values are 
clearly seen as well as the silica background. The distance between waveguides 
is 100 μm. The pattern of the strip plasmonic waveguides agrees well with the 
designed pattern in the layout editor CleWin 5 (Fig. 3.1).   
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Figure 3.21. Optical microscope image of the strip plasmonic waveguides. 
 
3.9. Dicing of wafers   
The final step in the fabrication of samples was dicing of the ready wafers into 
rectangular parts with the strip plasmonic waveguides of different width and 
length. At first the dicing diagram for the wafers was prepared by using the 
physical layout editor CleWin 5. The complete wafer with the designed lines for 
the dicing process is shown in Fig. 3.22. The central part of the wafer contains 
three areas with the deposited nanostructures. The top part of the wafer has five 
series of the strip plasmonic waveguides. Every series contains ten plasmonic 
waveguides with the width values 10 μm, 20 μm, 30 μm, 40 μm, 50 μm, 60 μm, 
70 μm, 80 μm, 90 μm, and 100 μm. The central part of the wafer has ten series 
of the strip plasmonic waveguides. Every series contains ten plasmonic 
waveguides with the width values 1 μm, 2 μm, 3 μm, 4 μm, 5 μm, 6 μm, 7 μm, 8 
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μm, 9 μm, and 10 μm. The bottom part of the wafer contains one continuous 
area of the deposited layers. A photograph of the prepared wafer before the 
dicing process is shown in Fig. 3.23. 
 
 
Figure 3.22. Dicing diagram of the wafer with the strip plasmonic waveguides 
in the layout editor CleWin5. 
 
The wafers were diced, according to the dicing diagram, and by using the 
automatic dicing saw Disco DAD-321. A photograph of the dicing machine is 
shown in Fig. 3.24. The wafer was placed on the dicing platform in the machine 
(Fig. 3.24, right side). The system calibration and the dicing process were 
controlled by the embedded computer system (Fig. 3.24, left side). The wafer 
was diced into 18 rectangular samples with the length values 2, 3, 4, 5, 6, and 7 
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mm, and with the same width value 1.5 cm. The rectangular samples were 
collected and placed in a rectangular box. A photograph of the ready samples is 
shown in Fig. 3.25. The samples were classified, according to the length and 
width values of the strip plasmonic waveguides. Thus, these rectangular samples 
are completely ready for the optical characterization in the laboratory. 
 
Figure 3.23. Prepared wafer before the dicing process. 
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Figure 3.24. Automatic dicing machine Disco DAD-321. 
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Figure 3.25. Ready samples with the strip plasmonic waveguides. 
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Chapter 4 
Experimental research 
 4.1. Experimental setup at Technical University of Denmark  
The experimental setup for linear and nonlinear optical characterization of the 
samples with the strip plasmonic waveguides was prepared in the optical 
laboratory at Technical University of Denmark (DTU). A schematic diagram of 
the experimental setup is shown in Fig. 4.1. A photograph of the experimental 
setup in the optical laboratory is shown in Fig. 4.2. This original experimental 
setup was used earlier by A. Boltasseva for linear optical characterization of 
plasmonic waveguides [80-83]. The laser source is the picosecond pump source 
for the SuperK EXTREME, model EXR-15 (NKT Photonics) [84]. The laser 
source (Fig. 4.3) provides a free-space laser beam in the average power range up 
to approximately 15 W. The average power of the laser source was controlled by 
using a personal computer with a USB interface connection. The repetition rate 
of the laser is 78 MHz. The peak wavelength of the laser is approximately 1064 
nm, and the pulse duration is approximately 3 ps. At first the free-space beam 
from the laser source was linearly polarized by using a standard polarizer 
(Thorlabs) [85]. Then the laser beam was shaped by a Gaussian filter (model 
10LF04-1064, FWHM parameter 3.5 nm, Newport) [86]. Afterwards the free-
space beam was attenuated by a set of neutral-density filters. At the end of the 
free-space propagation line (Fig. 4.2, center) the laser beam was coupled to a 
polarization-maintaining fiber (LMA-PM-10, NKT Photonics) [84], and at last 
delivered to the sample with the strip plasmonic waveguides (Fig. 4.2, right 
side). The linear polarization of the free-space laser beam was aligned to match 
the fast axis of the polarization-maintaining fiber, and to match the transverse 
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magnetic polarization of the long-range surface plasmon polariton mode in the 
strip plasmonic waveguides [87-89].  
The samples with the strip plasmonic waveguides were placed on the 
measurement platform (Fig. 4.2, right side), and their positioning was controlled 
by using the optical microscope Axiotech vario (Carl Zeiss) [71]. A photograph 
of the sample on the measurement platform is also shown in Fig. 4.4. The holder 
with the polarization-maintaining fiber was placed on the XYZ positioner (Fig. 
4.3, left side). The end-fire coupling method was used to excite the long-range 
surface plasmon polariton mode in the strip plasmonic waveguides [90]. A 
single mode fiber (LMA-10, NKT Photonics) collected and delivered the 
transmitted optical flux to the optical spectrum analyzer (OSA) AQ6315E 
(Yokogawa) [91]. The end-fire coupling alignment was also controlled by the 
optical microscope Axiotech vario. Before the transmission measurements, the 
long-range surface plasmon polariton mode in every waveguide was imaged by 
using a lens (Fig. 4.4, right side) and a camera beam profiler (Thorlabs), and the 
transverse magnetic polarization of the plasmonic mode was verified by the 
linear polarizer. This polarization check verifies coupling to the long-range 
surface plasmon polariton mode in every plasmonic waveguide [92-95].    
 
Figure 4.1. Experimental setup for picosecond optical characterization of the 
samples with the strip plasmonic waveguides. 
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Figure 4.2. Experimental setup in the optical laboratory at DTU. 
 
Figure 4.3. Picosecond laser SuperK EXTREME.  
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Figure 4.4. Sample on the platform controlled by the optical microscope.  
 
4.2. Linear characterization  
The first step in the experimental study of the strip plasmonic waveguides was 
the linear optical characterization. The average power of the laser source was 
tuned to a small value (less than 1 mW). The transmitted power from the strip 
plasmonic waveguides was measured by using the optical spectrum analyzer, 
according to the experiment scheme shown in Fig. 4.1. The strip plasmonic 
waveguides with the lengths l = 2, 3, and 4 mm, and the gold layer thickness t = 
22, 27, and 35 nm were selected for the linear optical characterization. The 
linear propagation loss α per unit length of the waveguides, and the coupling 
loss C per two facets of the waveguides were experimentally obtained for 
different values of the gold layer thickness t. A standard approach for the linear 
optical characterization of the waveguides is to use the insertion loss graphs [94, 
95]. These graphs are shown in Fig. 4.5. For every value of the waveguide 
length and gold layer thickness the measurements of five identical strip 
73 
 
plasmonic waveguides were averaged, and the linear fit was calculated by the 
least squares method. The coupling loss C per two facets is obtained as the 
intersection of the fitted lines with the vertical axis. The linear propagation loss 
α per unit length is calculated as the slope angle to the fitting lines.  
The calculated values for the propagation loss α and the coupling loss C, with 
the calculation errors are presented in Table 4.1. The obtained experimental 
values show that the linear propagation loss per unit length increases by 
approximately 1.8 times as the gold layer thickness increases from 22 nm to 35 
nm. The coupling loss per two facets varies by approximately 10 percent, and is 
completely within the calculation errors. This conclusion is in accordance with 
the previous measurements of the similar strip plasmonic waveguides [94]. The 
obtained values for the linear propagation loss are approximately 2-3 times 
greater than the results published by Berini and co-workers [94], and there are 
several possible reasons to explain this. First, the maximum values of the 
roughness spikes of the gold layers are approximately 2 nm (Fig. 3.17) in 
comparison with approximately 1 nm in Ref. [94]. Second, the peak wavelength 
1550 nm used in Ref. [94] provides lower attenuation of the long-range surface 
plasmon polariton mode in the strip plasmonic waveguides than the peak 
wavelength 1064 nm used in the present experiment [Fig. 2.3 (b)]. Meanwhile, it 
is expected that the sharp edges on the waveguide profile in Fig. 3.16(a) do not 
contribute significantly to the propagation losses. This is because the intensity 
distribution function of the long-range surface plasmon polariton mode in the 
studied plasmonic waveguides is close to zero at the waveguide edges [96-98] 
(Fig. 2.4).   
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Figure 4.5. Linear characterization of the strip plasmonic waveguides: 
experimental determination of the linear loss parameter α, and the coupling loss 
C for the gold layer thickness t = 22, 27, and 35 nm. 
 
Table 4.1.  Experimental values of the propagation loss α and coupling 
loss C for plasmonic waveguides with different thicknesses. 
t (nm) α (dB/mm) C (dB) 
22 7.8 ± 0.2 3.2 ± 0.5 
27 11.1 ± 0.2 3.3 ± 0.8 
35 13.8 ± 0.3 3.5 ± 1.0 
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4.3. Nonlinear power characterization  
The second step in the experimental study of the strip plasmonic waveguides 
was the nonlinear power characterization. The average power delivered to the 
strip plasmonic waveguides was varied by either changing the neutral density 
filters or changing the original average power of the laser source, in order to 
obtain the necessary amount of measurements.  The transmitted power from the 
strip plasmonic waveguides was measured by using the optical spectrum 
analyzer. The waveguides with the length l = 3 mm, and the gold layer thickness 
t = 22, 27, and 35 nm were selected for the nonlinear optical characterization. 
The obtained dependences of the transmitted power outP  from the waveguides 
with respect to the delivered power inP  to the waveguides have several 
interesting features, and are shown in Fig. 4.6. The first feature is the nonlinear 
trends of dependencies out in( )P P  at high values of input power inP . The second 
feature is that these nonlinear trends significantly depend on the gold layers 
thickness t. The strip plasmonic waveguides with thinner gold layers have more 
pronounced relative deviation from the linear power dependency at the same 
values of the input power inP . For every value of the gold layer thickness t the 
measurements of five identical strip plasmonic waveguides were averaged and 
the nonlinear curve fit was calculated as follows: 
out in in
2 ,a bP P P= −                                              (4.1) 
where a and b are the fitting coefficients, and the input and output powers are 
corrected for the coupling loss C at the end facets. The calculated values for the 
parameters a and b, with the calculation errors are presented in Table 4.2. The 
parameter a is related to the linear propagation loss α of the long-range surface 
plasmon polariton mode in the strip plasmonic waveguides as la e α−= , where l is 
the waveguide length. The calculated values of α are 2.031 ± 0.001 mm-1, 2.766 
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± 0.001 mm-1, and 3.980 ± 0.002 mm-1 for the gold layer thickness t = 22, 27, 
and 35 nm, respectively. These values of the linear loss parameter α are 
somewhat higher than the values of the linear propagation loss at low power 
characterization; an explanation could be that the strip plasmonic waveguides 
were significantly heated at high pump powers.  
The coefficient b is related to the nonlinear absorption parameter β of the 
LRSPP mode. In terms of the nonlinear susceptibility for the constituent 
materials in the strip plasmonic waveguides (gold, tantalum pentoxide, and 
silica), gold has the dominant contribution to the effective third-order nonlinear 
susceptibility (3)effc  of the plasmonic mode [Paper B]. The effective third-order 
nonlinear susceptibility (3)effc  is related to the nonlinear absorption coefficient β of 
the LRSPP mode as follows [54]: 
(3)
eff2 20 0
c
effeff
3 Im[ ].
2 c nA A
β ωβ c
e
= =                                  (4.2) 
Here cβ  is the conventional definition of the nonlinear absorption coefficient 
[54], 2 /cω π λ=  is the light angular frequency, c is the speed of light in vacuum, 
0e  is the vacuum permittivity, 0n  is the effective linear refractive index of the 
LRSPP mode, 2n  is the effective nonlinear refractive index of the LRSPP mode, 
and effA  is the effective area of the LRSPP mode. The nonlinear coefficient b 
depends on both the nonlinear parameters of the LRSPP mode in the strip 
plasmonic waveguides and the characteristic parameters of the laser source. By 
considering the pulse propagation equation [Paper B], it is straightforward to 
show that the ratio of the nonlinear and linear parameters is given by: 
rep
,b
a Tf
β
α
≈                                               (4.3) 
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where T is the laser pulse duration (FWHM parameter), and repf  is the repetition 
rate of the laser source. In Chapter 2 the structure of the strip plasmonic 
waveguides was analyzed in detail, and it was also shown that the specific 
contribution from the gold layer has the dominant contribution to the effective 
third-order nonlinear susceptibility of the LRSPP mode. In fact, the contribution 
from the gold layer is two orders of magnitude greater (around 10-20 m2/V2) than 
the one from the tantalum pentoxide layer (around 10-22 m2/V2), although the 
latter has a quite large cubic nonlinearity [47]. The calculated value of the real 
part of the effective linear refractive index of the LRSPP mode effRe[ ]N  is 
approximately 1.47, and is significantly greater than the value of the imaginary 
part of the effective linear refractive index effIm[ ]N , which is less than 0.01. 
Therefore the following formula can be taken as a good approximation for the 
nonlinear absorption coefficient: 
(3)
Au
ef
Au
f
2 2
0 0
3 Im[ ]
2
,
Ac n
ωθ
β
c
e
≈                                         (4.4) 
where (3)Auc  is the third-order susceptibility of the gold layers. Thus, the obtained 
coefficients a and b were used to experimentally determine the values of the 
imaginary part of the third-order nonlinear susceptibility (3)Auc  of the gold layers 
with the thickness t = 22, 27, and 35 nm.   
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Figure 4.6. Nonlinear power transmission for the strip plasmonic waveguides 
with the gold layer thickness (a) t = 22 nm, (b) t = 27 nm, and (c) t = 35 nm. 
Black lines on each graph correspond to the fitted linear trend. 
 
Table 4.2.  Experimental parameters a and b of the LRSPP mode in the 
strip plasmonic waveguides with the gold layer thickness t = 22, 27, 
and 35 nm. 
t (nm) a b (1/W) 
22 (2.26 ± 0.01) × 10-3 (1.54 ± 0.02) × 10-3 
27 (2.49 ± 0.01) × 10-4 (1.38 ± 0.02) × 10-4 
35 (6.53 ± 0.03) × 10-6 (3.09 ± 0.08) × 10-6 
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4.4. Nonlinear spectral characterization  
The third step in the experimental study of the strip plasmonic waveguides was 
the nonlinear spectral characterization. The strip plasmonic waveguides with the 
length l = 3 mm, and the gold layer thickness t = 22, 27, and 35 nm were also 
selected for the nonlinear spectral measurements. The spectra of the transmitted 
optical flux from the strip plasmonic waveguides were measured by using the 
optical spectrum analyzer in the wavelength range 1058-1069 nm (Fig. 4.7). The 
spectral broadening and splitting are observed – a clear sign of self-phase 
modulation (SPM) effect influenced by two-photon absorption from the real part 
and imaginary part of the effective third-order susceptibility (3)c  of the LRSPP 
mode, respectively [34, 56, 57]. This was confirmed with numerical simulations 
of the nonlinear Schrödinger equation, giving almost identical spectra as those in 
Fig. (4.7), where the experimental input pulse was used and no free parameters 
were adopted – all linear and nonlinear parameters were those calculated via the 
waveguide analysis or measured experimentally). Another feature is that the 
spectral broadening and splitting in the output spectra differ slightly for every 
case. The values of the effective spectral width were compared for the input 
pulse and output pulses at the splitting level (approximately 0.05), where for 
simplicity the side peaks with lower intensities (approximately 0.01-0.03) were 
neglected. To do an analytical estimate, the input pulse was approximated with a 
Gaussian one, and the nonlinear spectral broadening factor (SBF) was calculated 
by comparing it to a Gaussian fit to the two distinct self-phase modulation 
peaks. Then the SBF parameter is related to the effective nonlinear coefficient γ 
and effective nonlinear refractive index 2effn  the LRSPP mode in the strip 
plamonic waveguides by the following expressions [34]: 
0
1SBF 0.86 ,
leP
α
γ
α
−−≈                                          (4.5) 
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2eff
eff
,nc A
ωγ =                                                 (4.6) 
where 0P  is the peak power of an input pulse, and l is the physical length of the 
strip plasmonic waveguides. This result assumes a purely Gaussian input pulse, 
which is transform limited (no chirp across the pulse). Although the input pulse 
in the experiment was not transform limited and its spectrum had multiple 
modulated peaks, this expression serves as a rough estimate of the effective 
nonlinearity γ of the long-range surface plasmon polariton mode in the strip 
plasmonic waveguides. Such an approach is also justified by the close 
agreement with the numerical simulations. From Eq. (4.6) and using the relation 
between the effective nonlinear refractive index 2effn  and the real part of the 
effective third-order susceptibility (3)effRe[ ]c  the following formula is realized: 
(3)
Au
ef
Au
f
2 2
0 0
3 Re[ ]
4
,
Ac n
cγ ω
e
θ≈                                            (4.7) 
since as argued above for the nonlinear loss, the dominating contribution comes 
from the gold layer in the strip plasmonic waveguides. The experimental values 
of the spectral broadening factor are used to extract the real part of the third-
order susceptibility of the gold layers showing its dependence on the layer 
thickness t. 
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Figure 4.7. (a) Input pulse spectrum, and output pulse spectra for the strip 
plasmonic waveguides at the maximum input power (approximately 480 mW) 
with the gold layer thickness (b) t = 22 nm, (c) t = 27 nm, and (d) t = 35 nm. 
Black lines on graph show a Gaussian fit to the measured spectra. 
 
4.5. Experimental setup at King’s College London   
The second experimental setup for optical characterization of the samples with 
the strip plasmonic waveguides was assembled in the optical laboratory at 
King’s College London. A schematic diagram of the experimental setup is 
shown in Fig. 4.8. A photograph of the experimental setup in the optical 
laboratory is shown in Fig. 4.9. The laser source is the femtosecond laser 
amplifier PHAROS (Light Conversion) [99], and is shown in Fig. 4.10. The 
laser source provides a free-space laser beam in the average power range up to 
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approximately 7 W. The laser source was controlled remotely by using a laptop. 
The repetition rate of the laser source was tunable and was selected as 200 kHz. 
The peak wavelength of the laser is approximately 1030 nm, and the pulse 
duration is approximately 200 fs.  
At first the average power of the free-space laser beam was attenuated by 
several neutral density (ND) filters. Then the linear polarization of the laser 
beam was aligned by using a standard half-wave plate (Thorlabs) and linear 
polarizer (Thorlabs) [85] (Fig. 4.9, right side) to match the transverse magnetic 
polarization of the long-range surface plasmon polariton mode in the strip 
plasmonic waveguides. The samples with the strip plasmonic waveguides were 
placed on the platform (Fig. 4.9, center). This platform was mounted to the 
vertical XYZ stage, and the input and output NIR lens were situated on the XYZ 
stages. The end-fire coupling method was used to excite the LRSPP modes [90] 
in the strip plasmonic waveguides. Then an iris diaphragm was placed to 
eliminate the scattered light and to transmit the LRSPP mode optical flux to the 
power meter S132C (Thorlabs) [85] (Fig. 4.9, left side). The end-fire coupling 
alignment was controlled by using the digital color camera WAT-221S (Watec) 
[101]. Before the power transmission measurements were taken, the LRSPP 
mode in every waveguide was imaged by the digital camera and the transverse 
magnetic polarization of the plasmonic mode was verified using the half-wave 
plate and linear polarizer [87, 102]. This polarization check verified coupling to 
the LRSPP mode in every plasmonic waveguide.   
 
Figure 4.8. Experimental setup for femtosecond optical characterization of the 
samples with the strip plasmonic waveguides.  
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Figure 4.9. Experimental setup in the optical laboratory at KCL. 
 
 
Figure 4.10. Femtosecond laser amplifier PHAROS. 
84 
 
4.6. Linear and nonlinear power characterization  
By using the experimental setup described above, the optical characterization of 
the samples with the strip plasmonic waveguides was performed. At first the 
free-space laser beam was attenuated to a small average power (approximately 1 
mW). The linear optical characterization of the strip plasmonic waveguides was 
performed for the gold layer thickness t = 22, 27, and 35 nm, and the length l = 
2, 3, and 4 mm. The linear propagation loss α per unit length, and the coupling 
loss C per two facets were calculated by using the insertion loss graphs and the 
same procedure as described earlier for the 3-ps pulses experiment. The obtained 
values of the propagation loss and coupling loss are presented in Table 4.3. The 
linear propagation loss α increases by approximately 1.85 times as the gold layer 
thickness t increases from 22 nm to 35 nm. This agrees well with the tendency 
for the linear propagation loss that was found earlier by using 3-ps laser pulses 
at the wavelength 1064 nm [Paper C]. At the same time, the values of the end-
fire coupling loss C per two facets are approximately 7 dB and change a little for 
the strip plasmonic waveguides with the thickness t = 22, 27, and 35 nm. The 
obtained values of the propagation loss α per unit length at the wavelength 1030 
nm are approximately 10 percent greater than the obtained values of the linear 
propagation loss per unit length obtained previously at the wavelength 1064 nm. 
This confirms the expected tendency of the increase of the linear propagation 
loss for shorter wavelengths [Fig. 2.3(b)]. Although the values of the coupling 
loss C for the free-space lens coupling are approximately 3 dB greater than the 
values of the coupling loss C obtained previously by using the fiber coupling 
setup (Fig. 4.4), this free-space coupling scheme is preferred to exclude 
dispersion effects when operating with femtosecond laser pulses.   
The nonlinear optical characterization of the samples with the strip plasmonic 
waveguides was performed by tuning the input average power before the 
waveguides from approximately 1 mW (5 nJ) to approximately 55 mW (275 nJ). 
The strip plasmonic waveguides with the length l = 2 mm were selected for the 
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nonlinear optical characterization. The values of the coupling loss C 
(approximately 3.5 dB per facet) were used to calculate the corresponding 
values of the pulse energy and peak power inside the strip plasmonic 
waveguides, which were therefore in the range 1-55 nJ and 5-275 kW, 
respectively. The further increase of the average input power caused significant 
heating and melting of the waveguide structures. The fit to experimental data 
was calculated by using the following nonlinear formula [Paper B] 
/2
out in eff in 0 rep/ ( ) 1/[1 ( ) / ( )]CP aP L P e T fβ π−= + , where outP  is the average output power 
right after the waveguides, eff [1 exp( )] /L lα α= − −  is the effective propagation 
length,  l  is the physical length of the waveguides, 0T  is the pulse duration, repf  
is the laser repetition rate, and ( )L Ca e α− +=  is the experimental coefficient that 
contains the linear propagation loss α and coupling loss C (Table 4.3). The 
nonlinear dependences of transmitted power outP  with respect to input power inP  
for the waveguides with the length l = 2 mm, and the gold layer thickness t = 22, 
27, and 35 nm are shown in Fig. 4.11. The deviation from the horizontal line 
(where out inP aP= ) is an indication of the two-photon absorption effect and 
determined by the nonlinear parameter  β. The nonlinear curve fits were 
obtained by using only one free parameter β and starting from unity at inP  = 0 
for consistency of the linear and nonlinear regimes. 
Table 4.3.  Experimental values of the propagation loss α per unit length, 
coupling loss C per two facets, and parameter a for strip plasmonic 
waveguides with the gold layer thickness   t = 22, 27, and 35 nm. 
t (nm) α (dB/mm) C (dB) a 
22 8.7 ± 0.1 6.8 ± 0.4 3.6 × 10-3  
27 11.8 ± 0.2 6.9 ± 0.5 8.6 × 10-4  
35 15.3 ± 0.4 7.0 ± 0.8 2.0 × 10-4  
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Figure 4.11. Nonlinear transmission dependences for 200-fs pulses at a 
wavelength of 1030 nm for plasmonic waveguides with the gold layer thickness 
t = 22, 27, and 35 nm. The black line corresponds to the linear regime and the 
color lines are fits to the experimental data. 
The only contribution to the nonlinear loss in the waveguides comes from the 
gold layer because the photon energy at 1030 nm is far below half of the 
bandgap energy for silica and tantalum pentoxide. Thus, the nonlinear parameter 
β is directly connected to the imaginary part of the third-order susceptibility (3)Auc  
of the gold layers as  (3) 2 2Au 0 0Au eff(3 Im[ ] (2 ,) / )c n Aβ ωθ c e≈  where 2 /cω π λ=  is 
the light angular frequency, c is the vacuum speed of light, 0e  is the vacuum 
permittivity, 0n  is the effective linear refractive index of the LRSPP mode, Auθ  is 
the field localization parameter of the gold layer, and effA  is the effective area 
of the LRSPP mode [Paper A, Paper B]. Thus, the values of the imaginary part 
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of the third-order nonlinear susceptibility (3)Auc  of the gold layers with the 
thickness t = 22, 27, and 35 nm were experimentally obtained for 200-fs laser 
pulses. 
 
4.7. Thickness dependence of the third-order nonlinear 
susceptibility of gold    
By using the obtained experimental results from two experiments with 3-ps 
optical pulses, and 200-fs optical pulse, the thickness dependence of the values 
of the third-order nonlinear susceptibility (3)Auc  of gold for ultrathin gold layers 
was obtained.  
The calculated values of the real part and imaginary part of the third-order 
nonlinear susceptibility (3)Auc  from the first experiment using 3-ps optical pulses 
are shown in Fig. 4.12. The values of the third-order susceptibility (3)Auc , and the 
calculation errors are also presented in Table 4.4. The real and imaginary parts 
of the third-order nonlinear susceptibility (3)Auc  decrease as the gold layer 
thickness t increases. The nonlinear curve fit was calculated according to the 
following formula:  
(3) (3)
Au ,
C
t
c c∞= +                                             (4.8) 
where (3)c∞  is value of the third-order nonlinear susceptibility for bulk gold [24], 
t is the gold layer thickness, and C is the experimental coefficient. The fitting 1/t 
is done by following the discussion described for the theoretical thickness 
dependency of (3)c∞  [Paper B]. The value for the real part of the fitting 
coefficient is Re[C] = (5.82 ± 0.15) × 10-24 m3/V2, and the value for the 
imaginary part of the experimental coefficient is Im[C] = (9.34 ± 1.79) ×  10-26 
m3/V2. The theoretical value of the third-order susceptibility for bulk gold (3)c∞  = 
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(4.56 + 0.48i) × 10-17 m2/V2 [24] is also shown in Fig. 4.11. The obtained 
experimental results confirm the effective enhancement of the third-order 
nonlinear susceptibility in the gold layers with nanoscale thickness. The values 
of the real part of the third-order susceptibility are approximately 4-5 times 
greater than the value of the real part of the third-order susceptibility for bulk 
gold at the wavelength 1064 nm [24]. The values of the imaginary part of the 
third-order susceptibility are approximately 1.5-2 times greater than the value of 
the imaginary part of the third-order susceptibility for bulk gold at the 
wavelength 1064 nm. Figure 4.12 also shows the limitations for experimental 
study of the third-order susceptibility (3)Auc  by using the method of the long-range 
surface plasmon polaritons. The standard Drude model based on Eq. (2.3)-(2.5) 
breaks down in the gold layers with the thickness below approximately 10 nm 
due to possible nonlocal effects [103-106], quantum effects [107-109], and the 
layers clustering [39, 40]. On the other side, the long-range surface plasmon 
polariton mode in the strip plasmonic waveguides breaks down at the gold layers 
thickness t above approximately 50-60 nm due to the small penetration depth of 
the electromagnetic field in the metal [110-112]. Therefore, the values of the 
gold layer thickness t applicable for experimental study of the third-order 
nonlinear susceptibility (3)Auc  of the gold layers are approximately in the range 
from 15 to 50 nm.    
Table 4.4. Experimental values of the third-order susceptibility (3)Auc  of the 
gold layers with the thickness t = 22, 27, and 35 nm for 3-ps optical 
pulses at the wavelength 1064 nm. 
t (nm) (3)AuRe[ ]c  (m
2/V2) (3)AuIm[ ]c  (m
2/V2) 
22 (2.57 ± 0.84) × 10-16 (10.50 ± 2.08) × 10-18 
27 (2.18 ± 0.61) × 10-16 (8.22 ± 1.49) × 10-18 
35 (1.79 ± 0.48) × 10-16 (6.51 ± 1.38) × 10-18 
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Figure 4.12. The real part (a) and imaginary part (b) of the third-order 
susceptibility (3)Auc  of the gold layers with the thickness t = 22, 27, and 35 nm. 
The blue curves indicate the nonlinear curves fitting to the experimental data, 
according to Eq. (4.8). The black lines indicate the values of third-order 
susceptibility for bulk gold. 
Figure 4.13 shows the obtained values of the imaginary part of the third-order 
susceptibility (3)Auc  of gold for 200-fs laser pulses [Paper A], which are 
approximately one order of magnitude smaller than the values of the imaginary 
part of the third-order susceptibility (3)Auc  of gold obtained earlier for 3-ps laser 
pulses [Paper C]. The experimental results also confirm the effective 
enhancement of the third-order nonlinear susceptibility for thinner gold layers: 
the values of the third-order susceptibility (3)Auc  increase when the thickness t of 
the gold layers decreases (Table 4.5). The thickness dependence can be 
phenomenologically fitted, according to Eq. (4.8) as follows 
(3) (3)
AuIm[ ] Im[ ] / ,D tc c∞= +  where (3)Im[ ]c∞  = 2.2 × 10
-19 m2/V2 is the third-order 
nonlinear susceptibility for bulk gold at the wavelength 1030 nm, and for 200-fs 
laser pulses (Fig. 4.13, black line), and D = (5.8 ± 0.1) × 10-27 m3/V2 is the fitting 
coefficient. The value of the imaginary part of the third-order susceptibility 
(3)Im[ ]c∞  of bulk gold for 200-fs laser pulses was obtained by using the value of 
the imaginary part of the third-order susceptibility (3)Im[ ]c∞  of bulk gold for 3-ps 
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laser pulses and the theoretical pulse duration dependence [64]. The theoretical 
values of the third-order susceptibility (3)Auc  of the gold layers with the thickness t 
= 22, 27, and 35 nm, for 200-fs laser pulses and the wavelength 1030 nm are 
presented in Table 4.6. These values were obtained by using the experimental 
values of the third-order nonlinear susceptibility of the gold layers for 3-ps 
pulses [Paper C], and the theoretical pulse duration dependence (Fig. 2.12). The 
obtained theoretical values of the imaginary part of the third-order nonlinear 
susceptibility (3)Auc  agree well, within the measurement errors, with the obtained 
experimental results (Table 4.4), thus confirming the theoretical model.   
 
Figure 4.13. Imaginary part of the third-order susceptibility (3)Auc  of the gold 
layers with the thickness t = 22, 27, and 35 nm at the wavelength 1030 nm, and 
for 200-fs laser pulses. The green curve indicates the nonlinear curve fit to 
experimental data. The black line indicates the value of the third-order 
susceptibility for bulk gold.   
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Table 4.5. Experimental values of the imaginary part of the third-order 
susceptibility (3)Auc  of the gold layers with the thickness t = 22, 27, and 
35 nm for 200-fs laser pulses at the wavelength 1030 nm. 
t (nm) (3)AuIm[ ]c  (m
2/V2) 
22 (4.8 ± 1.6) × 10-19 
27 (4.3 ± 1.4) × 10-19 
35 (3.8 ± 1.3) × 10-19 
 
Table 4.6. Theoretical values of the third-order susceptibility (3)Auc  of the 
gold layers with the thickness t = 22, 27, and 35 nm for 200-fs laser 
pulses at the wavelength 1030 nm. 
t (nm) (3)AuRe[ ]c  (m
2/V2) (3)AuIm[ ]c  (m
2/V2) 
22 10.8 × 10-18 4.4 × 10-19 
27 9.2 × 10-18 3.5 × 10-19 
35 7.5 × 10-18 2.7 × 10-19 
Bulk gold 1.9 × 10-18 2.2 × 10-19 
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Chapter 5 
Conclusions and outlook 
 
In this thesis the experimental and theoretical studies on nonlinear propagation 
of the long-range surface plasmon polaritons in the strip plasmonic waveguides 
have been presented. The effective third-order nonlinear susceptibility  of the 
LRSPP mode is the central parameter for explanation of two nonlinear optical 
effects in the strip plasmonic waveguides, which were observed experimentally. 
The first effect is the nonlinear power saturation of the plasmonic mode, and the 
second effect is the spectral broadening and splitting of the plasmonic mode. 
The third-order nonlinear susceptibility  of the gold layer in the strip 
plasmonic waveguides has the dominant contribution to the effective third-order 
nonlinear susceptibility  of the long-range surface plasmon polariton mode. 
This has been verified for three values of gold layer thickness t = 22, 27 and 35 
nm. The specific contribution from the gold layer is approximately two orders of 
magnitude greater than the specific contributions from tantalum pentoxide 
layers, and silica cladding in the case of 3-ps laser pulses, and at the wavelength 
1064 nm [Paper C], and is approximately one order of magnitude greater than 
the specific contributions from tantalum pentoxide layers, and silica cladding in 
the case of 200-fs laser pulses, and at the wavelength 1030 nm [Paper A].  
It has been shown theoretically and experimentally that the third-order 
nonlinear susceptibility  of the gold layers significantly depends on the layer 
thickness t. The third-order nonlinear susceptibility  of the gold layers 
increases when the layer thickness t decreases. In other words, thin metal layers 
provide effective enhancement of the third-order nonlinear susceptibility. The 
origin of this enhancement is explained by the change in the free electrons 
motion in the metal layers due to the confinement factor. The collision 
(3)χ
(3)
Auχ
(3)χ
(3)
Auχ
(3)
Auχ
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frequency of electrons in the metal layer increases when the layer thickness t 
decreases. This leads to the increase of the dielectric permittivity of the metal 
layer. Consequently, this causes the effective increase of the third-order 
nonlinear susceptibility of the metal layer. However, the standard Drude breaks 
down as the metal layer thickness decreases to approximately 10 nm, due to 
possible nonlocal [41, 103-105], and quantum effects [50, 107-109], and the 
layer clustering process [39, 40]. On the other side, the long-range surface 
plasmon polariton mode in the strip plasmonic waveguides breaks down at the 
metal layer thickness above approximately 50-60 nm, due to the small 
penetration depth of electromagnetic field in the metal [113-115]. Thus, the 
effective range of the metal layer thickness in the strip plasmonic waveguides 
for experimental studies is approximately from 15 nm to 50 nm.  
The third-order nonlinear susceptibility of gold also significantly depends on 
the laser pulse duration [25, 64]. It has been shown experimentally, and the 
theoretical discussion has been provided to explain this dependence [64]. In 
particular, the values of the imaginary part of the third-order nonlinear 
susceptibility of the gold layers with the thickness t = 22, 27, and 35 nm have 
been obtained from the experiments by using 3-ps optical pulses, and 200-fs 
optical pulses in the same wavelength region. The comparison of the obtained 
values shows that the third-order nonlinear susceptibility of gold increases by 
approximately one order of magnitude as the laser pulse duration increases from 
200 fs to 3 ps. The origin of the pulse duration dependency of the third-order 
nonlinear susceptibility of gold is explained in terms of the electron temporal 
dynamics [23, 24, 116-119]. A picosecond laser pulse interacts with metal more 
strongly than a femtosecond laser pulse because of larger temporal overlap with 
the excited electron gas. Consequently, this leads to higher values of the real and 
imaginary parts of the third-order nonlinear susceptibility of gold for longer 
laser pulses. The proposed theoretical approach [64] correctly describe the 
scaling of the third-order nonlinear susceptibility, when going from 3 ps to 200 
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fs laser pulses that is an important advance for future numerical models of 
ultrafast pulses propagating in the strip plasmonic waveguides.  
One of the possible developments in this direction is the nonlinear analysis of 
higher order plasmonic modes in the strip plasmonic waveguides. The presented 
theoretical model is for the fundamental long-range surface plasmon polariton 
mode, but other spatial plasmonic modes can also be excited. These higher order 
plasmonic modes will affect the propagation dynamics by nonlinear cross-phase 
modulation [34, 120-123]. 
Another possible development is the design of the strip plasmonic waveguides 
with particular dispersion properties. It has been shown that the zero-dispersion 
wavelength of the LRSPP mode in the strip plasmonic waveguides significantly 
depends on the gold layer thickness. In particular, the zero-dispersion 
wavelength at the telecom wavelength 1550 nm can be achieved for the strip 
plasmonic waveguides with the gold layer thickness t = 15 nm. The ZDW value 
for the plasmonic mode in the strip plasmonic waveguides decreases, when the 
thickness of the metal layer decreases. Thus, the wavelength range with 
anomalous-dispersion can be exploited toward excitation of solitons in the 
designed plasmonic waveguides, for instance, at telecom C-band wavelengths. 
This has interesting nonlinear applications that promise well for plasmonic 
systems. 
Another possible development is the experimental study of the linear and 
nonlinear optical properties of the strip plasmonic waveguides with even thinner 
gold layers (around 10 nm). In this case, a complete hydrodynamic description, 
including nonlocal effects is required, which is especially important in nonlinear 
regime [124, 125]. The deviation from the Drude model may lead to higher 
values of the linear propagation loss of the LRSPP mode in the waveguides. The 
electron thermalization parameters of gold, in particular tht  and rt  can also 
depend on the metal thickness t for thinner gold layers. This, in turn will affect 
the effective third-order susceptibility for the strip plasmonic waveguides with 
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the metal layer thickness below 10 nm. The experimental studies of the Drude 
model breakdown conditions in the metal layers are important for future 
advances in communication approaches. 
Another possible development is the theoretical and experimental studies of 
nonlinear optical properties of plasmonic waveguides with alternative plasmonic 
materials. These materials can be transparent conducting oxides (TCOs), and 
titanium nitride (TiN) [126-130]. For instance, TiN films exhibit a similarly 
large nonlinear optical response, comparing to Au films, and also are robust, 
cost-efficient, and compatible with the complementary metal-oxide-
semiconductor (CMOS) technology. Thus, titanium nitride is a promising 
material for nonlinear applications [128].     
The presented results on nonlinear optical properties of long-range surface 
plasmon polaritons in the gold strip waveguides can be exploited for the 
development and applications of active plasmonic and nanophotonic 
components. 
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We study nonlinear dynamics of ultrafast long-range 
surface plasmon polaritons in gold strip waveguides. The 
nonlinear absorption of the plasmons is measured with 
femtosecond pulses revealing a strong dependence of the 
imaginary part of the third-order nonlinear susceptibility 
of gold on the pulse duration and layer thickness. This 
dependence is consistent with a delayed nonlinear 
response modeled by a temporal response function when 
describing the hot-electron temporal dynamics in gold. 
We report the nonlinear coefficients and scaling laws 
required for modeling of the ultrafast nonlinear 
dynamics in nanometer-scale gold waveguides. The 
results are important for the development of active 
plasmonic and nanophotonic components. © 2016 Optical Society of America  
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http://dx.doi.org/10.1364/optica.99.099999 Plasmonic nanostructures represent a unique platform for many linear and nonlinear optical applications [1]. A great variety of plasmonic waveguides for integrated optics [2,3], nanofocusing [4,5], sensing [6], lasing and amplification of light [7] has been proposed. In particular, special attention has recently been paid to the nonlinear optical properties of plasmonic waveguides, hybrid plasmonic waveguides, and other elements important for future nanophotonic communication approaches [8-10]. Bulk metals, thin metal layers, and plasmonic metamaterials have been investigated in the nonlinear regime [11].    The nonlinear propagation of surface plasmon polaritons (SPPs) in plasmonic waveguides can be studied in terms of either the second- [12] or the third-order [13] nonlinearity. The latter is particularly important because it is present in all materials. In metals it arises due to hot-electron contributions from changes of the intrinsic electronic temperature after absorption of the incident light. Typically, the electron relaxation time in noble metals is on the few-picosecond scale [13], implying that their nonlinear susceptibility is directly affected by the light pulse duration [14]. The majority of the data on the third-order nonlinear susceptibility of gold were collected near the interband transitions in a wavelength range of 532-
630 nm for pulse durations between 100 fs and 1 ns [14]. Most of the results were obtained with the z-scan method, reporting very high values of the third-order susceptibility in the range of 10-16-10-15 m2/V2 [15-18]. However, the linear losses in plasmonic waveguides, which are also related to the same interband transitions in gold, are very high (~30-40 dB/mm) in this wavelength range [2]. On the other hand, nanophotonic and plasmonic devices are extensively exploited in the infrared (IR) range [2,3]. The propagation losses of long-range SPPs (LRSPPs) in Au-based waveguides can be ~2-5 dB/mm at the telecommunication wavelengths. Meanwhile, the third-order susceptibility of gold, (3)Auc , in the IR range arises mainly from hot-electron contributions from intraband electron transitions and is much smaller than in the visible range [11]. As such a conventional z-scan method may be not sensitive enough for nonlinear measurements in ultrathin gold layers. Nevertheless, the values of (3)Auc  can be quite large to affect the signal propagation in a LRSPP waveguide due to the field localization near the metal interfaces and long propagation distance LSPP.    By the virtue of its origin and the SPP’s field localization, the effective nonlinear susceptibility of a gold strip waveguide will depend on the pulse duration and thickness of the constituent gold layer. The goal of this Letter is to quantify such dependences adopting experimental and theoretical results on nonlinear propagation of the LRSPP mode conditioned by the third-order nonlinear susceptibility of gold [19,20]. We measure the nonlinear absorption of the LRSPP waveguides, and extract the experimental values of the imaginary part of the third-order susceptibility of gold, (3)AuIm[ ]c , for 200-fs pulses at a wavelength of 1030 nm. Since the same waveguides were also characterized in the same spectral range with 3-ps pulses [19], the data can be directly compared to obtain an experimental dependence of (3)AuIm[ ]c  on the gold layer thickness and pulse durations in the femtosecond-picosecond range. The obtained dependences confirm a significant increase in nonlinearity for picosecond pulses over femtosecond ones due to the better temporal overlap of the longer laser pulse with the transient profile of the excited hot-electron gas. Our data confirm that the delayed thermal response function of gold [13,21] is the key parameter in modeling of the ultrashort LRSPP propagation with a nonlinear Schrödinger equation, having just a single free parameter in the cw value of the nonlinearity. We also report scaling laws describing the enhanced nonlinearity in the nanometer-thin gold waveguides.  
Letter  
 Fig. 1. Sketch (not to scale) of the plasmonic waveguide.   The LRSPP waveguides studied here were fabricated as described in [19]. They contain a thin gold layer of different thickness tAu (22, 27 and 35 nm) sandwiched between tantalum pentoxide adhesion layers and silicon dioxide (silica) cladding (Fig. 1). This symmetric arrangement provides a substantial effective propagation length of LRSPPs of about 0.5-1 mm at a wavelength of 1030 nm depending on tAu. The experimental setup is described in Supplement 1. 200-fs pulses at a wavelength of 1030 nm were used to couple to LRSPPs. The linear propagation loss of the waveguides increases by a factor of 2 as the gold layer thickness increases from 22 nm to 35 nm, in agreement with what was measured at a wavelength of 1064 nm [19]. At the same time, the end-fire coupling loss per two (in- and out-coupling) facets of the waveguides changes insignificantly. The obtained values for the linear propagation loss per unit length α at 1030 nm are about 10% higher than the corresponding values at 1064 nm [19] as expected for the reduction of material (Ohmic) losses with the wavelength [2]. Although the values of the coupling loss C for the free-space lens coupling are around 7 dB per two facets, i.e., approximately 3 dB higher than the corresponding values for the fiber coupling [19], the free-space coupling method used here is preferred to exclude dispersion effects when operating with femtosecond pulses.  
 Fig. 2. Experimentally measured nonlinear transmission dependences using 200 fs pulses at 1030 nm in plasmonic waveguides with different gold layer thickness tAu. The black line corresponds to the linear regime and the colored lines are fits to the experimental data. The nonlinear propagation of the LRSPP mode in the waveguides was characterized by tuning the average input power Pin in the range 1-55 mW (see Supplement 1). The electron thermalization rate in metal is much greater than the laser repetition rate of the experiment (200 kHz), implying that each laser pulse interacts individually. The linear and nonlinear losses of the LRSPP mode are traditionally modeled by the equation 
2
zP P Pα β∂ = − − , where β is the nonlinear loss parameter. The nonlinear power equation for the LRSPP mode is expressed as 
/2
out in eff in 0 rep/ ( ) 1 / [1 / ( )]
CP aP L P e T fβ π−= +  [20], where outP  is the average power after the waveguide, eff [1 exp( )] /L Lα α= − −  is the effective propagation length, L is the physical length of the waveguides, T0 is the pulse duration, frep is the laser repetition rate, and ( )L Ca e α− +=  is the experimental coefficient that contains the linear propagation loss α and coupling loss C. The nonlinear dependences of transmitted power Pout with respect to input power Pin for the waveguides with the length L = 2 mm, 
and the gold layer thickness tAu = 22, 27, and 35 nm are shown in Fig. 2. The deviation from the horizontal line out inP aP=  is an indication of the two-photon absorption effect represented by the nonlinear parameter β. The nonlinear curve fits are fitted using β as the only free parameter and starting from unity at Pin=0 for consistency of the linear and nonlinear regimes.  The only contribution to the nonlinear loss in the waveguides comes from the gold layer because the photon energy at 1030 nm is far below half of the bandgap energy for silica and tantalum pentoxide. Thus, the nonlinear parameter β is directly connected to the imaginary part of the third-order susceptibility of the gold layers as  
(3) 2 2
Au 0 0Au eff(3 Im[ ] (2 ,) / )c n Aβ ωθ c e≈  where 2 /cω π λ=  is the light angular frequency, c is the vacuum speed of light, 0e  is the vacuum permittivity, n0 is the effective linear refractive index of the LRSPP mode [20], Auθ  is the field localization parameter of the gold layer [20], and 
effA  is the effective area of the LRSPP mode [20].  
 Fig. 3. Experimental data for the imaginary part of the third-order susceptibility vs gold thickness using (a) 200 fs pulses at 1030 nm and (b) 3 ps pulses at 1064 nm [19], fitted to a 1/tAu dependence (red lines). The bulk gold value is indicated in each case (black lines).  The layers thickness tAu influences the nonlinear parameter β via the field localization integrals Auθ  (whose values increase with tAu) and mode effective areas (whose values decrease with tAu) [20]. After excluding these dependences, the effective enhancement of (3)AuIm[ ]c  for thin gold layers is shown in Fig. 3(a). The fit to experimental data is given by 
(3) (3)
Au 200 fs, bulk AuIm[ ] Im[ ] /D tc c= +  [19,20] where (3)200 fs, bulkIm[ ]c= 12 × 10-20 m2/V2 is the value for bulk gold for 200 fs pulses as calculated from Eq. (4) below, and D = 8.3 ± 0.3⋅10-27 m3/V2 is the fitting parameter. This confirms the 1/tAu dependence [20]. The obtained nonlinear values for 200 fs pulses are an order of magnitude smaller than the ones measured earlier for 3 ps pulses [19], which we show for comparison in Fig. 3(b). Here the fit to experimental data for consistency is recalculated to give D = 153 ± 11⋅10-27 m3/V2 by using an updated value of bulk gold susceptibility at 3 ps (again using Eq. (4) below).  The third-order susceptibility for bulk gold for different pulse durations was calculated with the two-temperature model (TTM) of electron temporal dynamics [13, 21].  For pulse durations longer than the electron-electron scattering rate (above 10 fs), the third-order susceptibility of metal originates from the thermo-modulational interaction between the laser pulse and thermalized gas of hot electrons that  builds up in metal due to the absorbed power of the laser pulse. The TTM equations can be solved analytically (see Supplement 1). The results in Fig. 4 illustrate how short laser pulses first generate nonthermalized (out of equilibrium) hot electrons, which cannot be described by the electron temperature, which are then converted to thermalized (described by the elevated electronic temperature) electrons. Initially the pulse energy, taken here as a Gaussian 
pulse 2 20 0( exp) ( / )P TPt t= − , is absorbed by the metal, which in our case happens almost instantly, i.e., the mean absorbed power density
A ( )P P t∝ as a consequence of being in the IR where the dielectric constant has insignificant dispersion. The absorbed power builds up the non-thermalized electron energy density according to
th A th A( ) * ' ( ') ( ')N t h P dt h t t P t
∞
−∞
= = −∫ , i.e., the convolution of the mean absorbed power and the “thermalization” temporal response function th/1th th) ( )( tth t e tt −−Θ= , where ( )tΘ  is the Heaviside step function. The rise of the non-thermalized electron density is slightly delayed, caused by losses as they decay to the lattice and thermal electrons with a “total” decay time tht  (300 fs in gold [13]). To model the temperature of the thermalized electrons, it is a good approximation to take the lattice temperature constant, and only model the temperature deviation of the thermal electrons with the “ground state”, i.e., the lattice value. This is given by T Ae( ) * Pt hT ∝∆  as the convolution of the mean absorbed power with the “temperature” temporal response function 
th r/ /1
T th r( )( )( ) ( )
t tt e eh t t tt t − −− −Θ −= , where rt  is the relaxation time of the thermalized electrons to the lattice (1 ps in gold [13]).  We note that 
e T( ) ( )t tT h∆ ∝ in the short-pulse limit; thus on the leading edge of the laser pulse the rise in temperature is governed by the 300 fs decay time of the non-thermalized electrons while on the trailing edge it is governed by the thermalized electron relaxation time making it dissipate on 6-7 ps timescale. Instead in the long-pulse limit e A( ) ( ) ( )tT tP P t∆ ∝ ∝ ; thus the “slow” time scales of the electron dynamics become too fast for the slow leading and trailing edges of the laser pulse to experience any effects of the delayed responses and the laser pulse therefore experiences a quasi-instantaneous nonlinear response from the hot electrons.  
 Fig. 4. Results from the two-temperature model of electron temporal dynamics in bulk gold for a 200 fs (full) and 3 ps pulses (dashed).  We apply the TTM to model the cubic nonlinear response of metal via the hot-electron temporal dynamics described by eT∆ , which depends on the absorbed power and, therefore, is a nonlinear process. To see how this delayed temporal dynamics of eT∆  affects the nonlinear response of gold, we use the IR wavelengths, far away the strongly dispersive interband transitions. The dynamics is well governed by the following nonlinear Schrödinger equation [13]:  cw 22 cw€( ) *) ( | | ,][ 0Ti D Ai A i h Aαζ t γ β∂ + + + + =  (0) where (3)cw cwRe( )γ c∝ and (3)cw cwIm( )β c∝  as we shall see below are the nonlinear parameters in the long-pulse (cw) limit, €Dt accounts for chromatic dispersion, and we have for simplicity neglected self-steepening and contributions from the cladding materials to the nonlinearity. The contribution from nonthermalized electrons to Eq. (1) comes from the response function Th . Therefore, the nonthermalized electrons are an intermediate stage between the power absorption and appearance of the thermalized electrons, with the latter being the key aspect for the nonlinear 
response. The field is normalized so |A|2 = P in watts, and for the loss we need to retain only the imaginary part:   cw€( ) [ ] 0.*TD P P h Pζ t α β∂ + + + =  (0) In the cw limit this becomes 2cwP P Pζ α β∂ = − − , with solution
0 cw ef 0f( ( [ ]) (, ) )1P P Pe L
αζζ t t β t−= + , where 0( )P t  is the power at 
ζ = 0. This is exactly the basic equation we used to fit our data above.   The key step is now to deduce a similar expression for short pulses, especially on the femtosecond scale. The chromatic dispersion can be neglected for the waveguide lengths and pulse durations considered here, so if we then approximate 2T 0([ * ] )P PTh P ρ , Eq. (2) becomes 
 200 0 cw
2
0 0 T
'(
'( (
(
) ,
) ) ,
) max( [ * ]),P P
P P T P
T T
PT h
ζ α β
β ρ β
ρ −
∂
 =
−
=
−


  (0) 
which is indeed equivalent to the standard equation with a “corrected” nonlinearity 0)'(Tβ . The correction factor ρ(T0) describes the deviation from the cw limit due to the non-instantaneous thermal response. Obviously, it depends strongly on the input pulse duration T0 and pulse shape, and 0( 1)Tρ →  in the cw limit. Note that since 
T e( )[ * ] ( )P th P TP t∝ ∆ , the correction factor is mainly affected by a temporal overlap between the laser pulse and the excited hot-electron gas. Equation (3) assumes that the temporal shape of T[ * ]P h P  overlaps with
2
0( )T Pρ . We checked that even for very short pulses this assumption is justified, apart from a small femtosecond delay.  The introduction of the correction factor allows us to propose the following equation to predict the measured experimental imaginary nonlinear susceptibility data  (3)(3) 0 0 Au 0 0 cw Aucw,bulk, )] )(ImIm[ ( , [ )] / )( ( ,T T tDtc ω ρ c ω +=  (0) where tAu is the gold layer thickness in m. (3) 0cw,bulk ( )c ω is the cw bulk value at the laser frequency ω0, calculated e.g., theoretically as in [13] or determined experimentally. In lack of the latter, in what follows we use the theoretical value (3) 20 2 2cw,bulk 1030 nIm[ ( 10m)] 430  m / Vc −= × .  We can now directly compare the values of the nonlinear susceptibility measured here with 200 fs 1030 nm pulses and those of [19] using 3 ps 1064 nm pulses. This is justified by the fact that both the wavelengths are far from the interband transitions, but very close to each other [13]. We calculated the correction factors for Gaussian-shaped input pulses in range from 10 fs to 10 ps, and as a first test of the validity of Eq. (4), we show in Fig. 5(a) that the relation 0 cw)(D T Dρ=  indeed holds. Here we used the cw fitting parameter as a free parameter and the experimental data are quite well expressed by the theoretical curve for Dcw = 220 × 10-27 m3/V2 (accurate within 10%). Now Eq. (4) can be used to check the relations between the measurements at the two different pulse durations for each of the 3 waveguide thicknesses, which is shown in Fig. 5(b). We see that for all three values of the gold layer thickness, Eq. (4) represents quantitatively the measured data, thus further justifying the introduction of the correction factor but importantly also validating the theoretical value of the cw bulk nonlinearity. A similar relation as Eq. (4) exists for the real part of the nonlinear susceptibility, governing self-phase modulation effects, and future experiments are needed to find its experimental parameters. The predicted variation of the imaginary part of the third-order susceptibility of gold monotonically spans over about 4 orders of magnitude as the pulse duration changes from 10 fs to 10 ps. The obtained pulse duration dependences are in agreement with previous studies [14], 
where the experimental values of (3)Auc  for bulk gold were summarized from different experiments. Such a variation of the nonlinearity with respect to the signal pulse duration is due to the nonlinearity having only delayed nonlinear contributions, and this can be one of the principal advantages of free-electron nonlinearities in plasmonic waveguides compared to conventional dielectric nonlinearities for the realization of nanophotonic components.   
 Fig. 5. (a) Pulse duration dependence of the experimental fitting parameters from Fig. 3. The theoretical curve was calculated using ρ(T0) from Eq. (3) for a Gaussian pulse and taking Dcw as a free parameter. (b) The imaginary part of the third-order susceptibility of gold layers with different thicknesses (22, 27, and 35 nm) and bulk gold vs pulse duration on a log-log plot. The experimental data (symbols) were measured at 1030 nm and 200 fs pulses (this work) and at 1064 nm and 3 ps pulses [19]. The theoretical lines use Eq. (4) and the value of Dcw determined above in (a).   In summary, we have shown that nonlinear dynamics of the long-range surface plasmon polariton (LRSPP) mode in strip gold waveguides significantly depends on both the metal core thickness and the laser pulse duration. In particular, the origin of the pulse duration dependence has been explained in detail by studying the electron temporal dynamics using the two-temperature model (TTM): a picosecond pulse interacts with metal stronger than a femtosecond pulse because of greater temporal overlaps of the laser pulse with the excited electron gas. Consequently, this leads to higher values of the third-order nonlinearity for longer pulses, as expressed by the correction factor in Eq. (3). The nonlinearity increases for thinner gold films in the 20-40 nm thickness range studied here, but it will be important to investigate in the future the linear and nonlinear optical properties of the waveguides with even thinner gold core layers (t ~10 nm). The standard Drude model breaks down at the metal layer thicknesses below 10 nm due to possible nonlocal [22, 23] and quantum effects [24], even in the absence of the layer clustering process [25], and full hydrodynamic description, including nonlocal effects is required, which is especially important in the nonlinear regime [26, 27]. This may lead to higher linear absorption of plasmonic waveguides. The electron thermalization parameters of gold, in particular tht  and rt  can also depend on the thickness for thinner metal layers. This, in turn will affect the effective third-order susceptibility for plasmonic waveguides with the metal core thicknesses below 10 nm. Our results validate experimentally the connection between the characteristic nonlinear temperature response function derived in the TTM and how it affects the delayed nonlinear response of an ultrafast LRSPP mode in the framework of a nonlinear Schrödinger equation. The temperature response function is purely based on characteristic time scales of the metal, and we introduced a correction factor to gauge the convolution response giving the central result Eq. (4), 
which has only two free parameters that can be measured experimentally. Our results are therefore an important step for accurate a priori modeling of ultrafast nanoplasmonic devices.  
 
Funding.  EPSRC (UK) grants EP/H000917/2, EP/J018457/1 and EP/M013812/1.  
Acknowledgments.  This work was supported, in part, by EPSRC (UK). A.V.Z. acknowledges support from the Royal Society and the Wolfson Foundation. Data access statement: All the data supporting this research are provided in full in the results section and Supplement 1.  See Supplement 1 for supporting content. 
REFERENCES 
1. M. L. Brongersma and V. M. Shalaev, Science 328, 440 (2010). 
2. S. I. Bozhevolnyi, Plasmonic Nanoguides and Circuits (Pan Stanford, 2009). 
3. A. V. Krasavin and A. V. Zayats, Adv. Opt. Mater. 3, 1662 (2015).  
4. D. K. Gramotnev and S. I. Bozhevolnyi, Nat. Photonics 4, 2, 83 (2010). 
5. V. A. Zenin, A. Andryieuski, R. Malureanu, I. P. Radko, V. S. Volkov, D. K. 
Gramotnev, A. V. Lavrinenko, and S. I. Bozhevolnyi, Nano Lett. 15, 8148 
(2015). 
6. O. Krupin, H. Asiri, C. Wang, R. N. Tait, and P. Berini, Opt. Express 21,  698 (2013). 
7. P. Berini and I. De Leon, Nat. Photonics 6, 16 (2012). 
8. F. J. Diaz, G. Li, C. Martijn de Sterke, B. T. Kuhlmey, and S. Palomba, J. Opt. 
Soc. Am. B 33, 957 (2016). 
9. F. J. Diaz, T. Hatakeyama, J. Rho, Y. Wang, K. O’Brien, X. Zhang, C. Martijn 
de Sterke, B. T. Kuhlmey, and S. Palomba, Opt. Express 24, 545 (2016). 
10. M. Kauranen and A. V. Zayats, Nat. Photonics 6, 737 (2012). 
11. A. D. Neira, N. Olivier, M. E. Nasir, W. Dickson, G. A. Wurtz, and A. V. 
Zayats, Nat. Commun. 6, 7757 (2015).   
12. P. Ginzburg, A. V. Krasavin, and A. V. Zayats, New J. Phys. 15, 013031 
(2013).  
13. A. Marini, M. Conforti, G. Della Valle, H. W. Lee, Tr. X. Tran, W. Chang, M. 
A. Schmidt, S. Longhi, P. St. J. Russell, and F. Biancalana, New J. Phys. 15, 
013033 (2013). 
14. R. W. Boyd, Z. Shi, and I. De Leon, Opt. Commun. 326, 74 (2014). 
15. D. D. Smith, Y. Yoon, R. W. Boyd, J. K. Campbell, L. A. Baker, R. M. Crooks, 
and M. George, J. Appl. Phys. 86, 6200 (1999). 
16. T. K. Lee, A. D. Bristow, J. Hübner, and H. M. van Driel, J. Opt. Soc. Am. B 
23, 2142 (2006). 
17. E. Xenogiannopoulou, P. Aloukos, S. Couris, E. Kaminska, A. Piotrowska, 
and E. Dynowska, Opt. Commun. 275, 217 (2007). 
18. N. Rotenberg, A. D. Bristow, M. Pfeiffer, M. Betz, and H. M. van Driel, 
Phys. Rev. B 75, 155426 (2007). 
19. O. Lysenko, M. Bache, and A. Lavrinenko, Opt. Lett. 41, 317 (2016). 
20. O. Lysenko, M. Bache, and A. Lavrinenko, J. Opt. Soc. Am. B 33, 1341 
(2016).   
21. M. Conforti and G. Della Valle, Phys. Rev. B 85, 245423 (2012).  
22. S. Raza, S. I. Bozhevolnyi, M. Wubs, and N. A. Mortensen, J. Phys. 
Condens. Matter 27, 183204 (2015). 
23. P. Ginzburg and A. V. Zayats, ACS Nano 7, 5, 4334 (2013).   
24. H. Qian, Y. Xiao, D. Lepage, L. Chen, and Z. Liu, Nanophotonics 4, 413 
(2015). 
25. U. Kreibig and M. Vollmer, Optical Properties of Metal Clusters (Springer, 
1995). 
26. P. Ginzburg, A. V. Krasavin, G. A. Wurtz, and A. V. Zayats, ACS Photonics 2, 
8 (2015).  
27. A. V. Krasavin, P. Ginzburg, G. A. Wurtz, and A. V. Zayats, Nat. Comm. 7, 
11497 (2016).  
 
Nonlinear dynamics of long-range surface plasmon 
polaritons in gold strip waveguides: supplementary 
material  
OLEG LYSENKO,1,* NICOLAS OLIVIER,2 MORTEN BACHE,1 ANATOLY V. ZAYATS,2 AND 
ANDREI LAVRINENKO1 
1DTU Fotonik, Department of Photonics Engineering, Technical University of Denmark, 2800  Kongens Lyngby, Denmark  
2Department of Physics, King’s College London, Strand, London WC2R 2LS, UK 
*Corresponding author: ollyse@fotonik.dtu.dk 
Published XX Month XXXX  
This document provides supplementary information to “Nonlinear dynamics of long-range surface plasmon 
polaritons in gold strip waveguides,” http://dx.doi.org/10.1364/optica.99.099999, concerning the details of the 
experimental setup, and the two-temperature model of electron temporal dynamics in gold. The obtained 
experimental and theoretical values of the third-order susceptibility of gold and the linear and nonlinear 
parameters of the LRSPP mode are presented. © 2016 Optical Society of America 
http://dx.doi.org/10.1364/optica.99.099999.s1 
1. EXPERIMENTAL SETUP   The experimental setup is shown in Fig. S1. The laser source was the femtosecond laser amplifier PHAROS (Light Conversion), providing ~200 fs FWHM pulses with a tunable repetition rate here set at 200 kHz at a center wavelength of 1030 nm. The average power of the free-space laser beam was tuned by several neutral density (ND) filters, and the linear polarization of the beam was aligned by a half-wave plate and linear polarizer to match the transverse magnetic polarization of the long-range surface plasmon polariton (LRSPP) mode in the plasmonic waveguides. The end-fire coupling method was used to excite the plasmonic modes [1]. An iris diaphragm was placed to eliminate the scattered light and to transmit the plasmonic mode optical flux to the power meter S132C (Thorlabs). The alignment of the samples and the end-fire coupling were controlled by using the digital color camera WAT-221S (Watec). Before the transmission measurements were taken, the LRSPP mode in each waveguide was imaged by the digital camera DCC1240M (Thorlabs) and the transverse magnetic polarization of the plasmonic mode was verified using the half-wave plate and linear polarizer [2]. This polarization check verified coupling to the LRSPP mode in each plasmonic waveguide.  To characterize the linear transmission of the waveguides, the free-space laser beam was tuned to a low average power (approximately 1 mW), and the transmitted power was measured by using the power meter for the plasmonic waveguides with 
different lengths (2, 3, and 4 mm) and metal layer thicknesses (22, 27, and 35 nm). The insertion loss graphs were used to calculate the linear propagation loss α per unit length and the coupling loss C per two (in-coupling and out-coupling) facets for the waveguides with gold layer thickness t = 22, 27, and 35 nm. For each value of the length and thickness the measurements of five identical plasmonic waveguides were averaged, and the linear fit was calculated by the least squares method. The waveguides with the length L = 2 mm, and the gold layer thickness t = 22, 27, and 35 nm were selected for nonlinear optical characterization. 
 Fig. S1. Experimental setup for nonlinear optical measurements.  The nonlinear propagation of the LRSPP mode in the plasmonic waveguides was measured by tuning the input average power of the free-space laser beam right before the waveguides from 1 mW (5 nJ) to about 55 mW (275 nJ). By using the measured values of the coupling loss C (approximately 3.5 dB per facet), the corresponding values of the pulse energy and peak power inside the waveguides were therefore in the range 1-55 nJ and 5-275 kW, respectively. Any further increase of the average power of the free-space laser beam caused significant heating and melting of the waveguide structures.   
Supplementary Material  
2. ELECTRON TEMPORAL DYNAMICS IN GOLD   
 The experimental values of the imaginary part of the third-order susceptibility (3)Auχ  of thin gold layers for 200-fs laser pulses are significantly different from the values of (3)Auχ  obtained previously by using 3-ps laser pulses [3]. Thus, we apply the two-temperature model of electron temporal dynamics in gold [4,5] to explain the experimental results for the imaginary part of (3)Auχ  and to estimate the real part of (3)Auχ  for 200-fs laser pulses. We also expand the obtained theoretical dependencies for (3)Auχ  to see how they change in the wide range from 10 fs to 10 ps. To introduce the two-temperature model, let us consider an ultrashort optical pulse with the Gaussian electric field profile 
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ω is the light angular frequency, t is the time coordinate, 
0 / (2 ln(2) )T T= ∆  is the pulse half-width, and T∆  is the pulse full-width at half maximum (FWHM). The mean absorbed power per unit volume of gold A ( )P t  is given by [4]:   
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where 2p 0 e/ne mω ε=  is the plasma frequency for gold, e is the electron charge, 0ε  is the vacuum permittivity, n is the electron density, em  is the electron mass, γ is the collision frequency of electrons for bulk gold, and Auε  is the dielectric permittivity for bulk gold. Taking into account that the pulse carrier frequency is far away from the interband transitions in gold, it is straightforward to show that Eq. (S1) can be simplified as 
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where e ( )T t  is the electronic temperature, lat ( )T t  is the lattice temperature, eC  ≈ 2.1 × 104 J/(m3 ∙K) is the electronic heat capacity per unit volume of gold [6], latC ≈ 2.5 × 106 J/(m3 ∙K)  is the lattice heat capacity per unit volume of gold [6], eγ  ≈ 2 THz  is the electron thermalization rate [7], latγ  ≈ 1 THz  is the lattice thermalization rate [7], G ≈ 20 PHz is the electron-photon coupling coefficient [6], and ( )N t  is the energy density stored in the nonthermalized part of the electronic distribution [4]. This system of differential equations can be solved directly, using the initial conditions: (0) 0N =  and e lat(0) (0)T T= . The solution for ( )N t  is given by: 
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where th e lat1 / ( )τ γ γ= + ≈ 300 fs is the characteristic decay time for the energy density of nonthermalized electrons [4], and 
2 2
0 Au 0 0 0 0 th th( / 4) Im[ ] exp( ( 16 ) / 4 )A E T T Tπ ε ε ω τ τ= +  is the time independent constant. The solution for the electronic temperature variation e e lat( ) ( ) ( )T t T t T t∆ = −  is given by:  
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where e lat lat e e lat( ) / ( )B A C C C Cγ γ= −  is the time independent constant. The electronic temperature variation e ( )T t∆  can be also obtained via the convolution of the mean absorbed power A ( )P t  and the response function of gold T ( )h t . The latter is expressed as [4,5]:   ( )th r/ /T
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 (S5) 
where r e lat e lat/ [ ( )]C C G C Cτ = + ≈ 1 ps is the characteristic decay time for thermalized electrons [4,5], and ( )tθ  is the Heaviside step function [4]. We also provide the Fourier transform functions of the normalized input pulse intensity ( )I t , mean absorbed power A ( )P t , electronic temperature variation e ( )T t∆ , and nonthermalized electron density ( )N t  for two particular values of the pulse duration T∆  = 200 fs and 3 ps (Fig. S2).   
 Fig. S2. Modeling of electron temporal dynamics in gold in the Fourier domain for (a) 200-fs laser pulses at 1030 nm and (b) 3-ps laser pulses at 1064 nm.   The electronic temperature deviation eT∆  almost follows the shape of the mean absorbed power AP  for 3-ps (and longer) laser pulses, and the Fourier amplitudes for 3-ps laser pulses are larger than the ones for 200-fs laser pulses. Then the obtained 
expressions for e ( )T t∆  and A ( )P t  are used to calculate the ratio of the third-order susceptibility (3)Auχ  for bulk gold and gold layers with the thickness t = 22, 27, and 35 nm for different values of the pulse duration T∆ . The obtained pulse duration dependences of the third-order susceptibility of gold explain well the experimental results for the imaginary part of (3)Auχ  for the gold layers with different thicknesses, and also are used to calculate the real part of the third-order susceptibility (3)Auχ , in particular, for 200-fs laser pulses.   
 
3. EXPERIMENTAL AND THEORETICAL RESULTS 
 The obtained values of the linear propagation loss α, coupling loss C, and coefficient a for the strip plasmonic waveguides with the gold layer thickness t = 22, 27, and 35 nm are shown in Table S1. The experimental values of the nonlinear loss parameter β, and the imaginary part of the third-order susceptibility (3)Auχ  for gold layers with the thickness t = 22, 27, and 35 nm are presented in Table S2. The theoretical values of the third-order susceptibility for gold layers with the thickness t = 22, 27, and 35 nm, and for bulk gold for 200-fs laser pulses are shown in Table S3. The values of the real part of the third-order susceptibility were obtained by the scaling of the known values of the third-order susceptibility from 3-ps laser pulses [3] to 200-fs laser pulses, according to the theoretical pulse duration trends. 
 Table S1. Experimental values of the propagation loss α, coupling loss 
C, and parameter a for plasmonic waveguides with different gold layer thicknesses.    
t (nm) α (dB/mm) C (dB) a 22 8.7 ± 0.1 6.8 ± 0.4 3.6 × 10-3  27 11.8 ± 0.2 6.9 ± 0.5 8.6 × 10-4  35 15.3 ± 0.4 7.0 ± 0.8 2.0 × 10-4  
 Table S2. Experimental values of the nonlinear loss parameter β and imaginary part of the third-order susceptibility for gold layers with thickness t = 22, 27, and 35 nm for 200-fs laser pulses at 1030 nm. 
t (nm) β  (1/(W∙m)) (3)AuIm[ ]χ  (m2/V2) 22 6.2 × 10-3 (4.8 ± 1.6) × 10-19 27 5.8 × 10-3 (4.3 ± 1.4) × 10-19 35 5.1 × 10-3 (3.8 ± 1.3) × 10-19 
 Table S3. Theoretical values of the third-order susceptibility for bulk gold and gold layers with thickness t = 22, 27, and 35 nm for 200-fs laser pulses at 1030 nm. 
t (nm) (3)AuRe[ ]χ  (m2/V2) (3)AuIm[ ]χ  (m2/V2) 22 10.8 × 10-18 4.4 × 10-19 27 9.2 × 10-18 3.5 × 10-19 35 7.5 × 10-18 2.7 × 10-19 Bulk gold 1.9 × 10-18 2.2 × 10-19 
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This paper presents a theoretical model of nonlinear optical properties for strip plasmonic waveguides. The par-
ticular waveguides geometry that we investigate contains a gold core, adhesion layers, and silicon dioxide clad-
ding. It is shown that the third-order susceptibility of the gold core significantly depends on the layer thickness
and has the dominant contribution to the effective third-order susceptibility of the long-range plasmon polariton
mode. This results in two nonlinear optical effects in plasmonic waveguides, which we experimentally observed
and reported in [Opt. Lett. 41, 317 (2016)]. The first effect is the nonlinear power saturation of the plasmonic
mode, and the second effect is the spectral broadening of the plasmonic mode. Both nonlinear plasmonic effects
can be used for practical applications and their appropriate model will be important for further developments in
communication approaches. © 2016 Optical Society of America
OCIS codes: (250.5403) Plasmonics; (230.7370) Waveguides; (190.4400) Nonlinear optics, materials; (240.6680) Surface plasmons.
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1. INTRODUCTION
The optically controlled optical channel is considered as one of
the main tools in enhancing density of communication lines
with reduced energy-per-bit consumption. All-optical signal
processing is capable of achieving a signal modulation and
transmission speeds beyond what is possible by their electronic
counterparts. To optically modulate (or switch) signals in plas-
monic waveguides (with one or several metal–dielectric inter-
faces) means that light induces changes in the real or imaginary
parts of the dielectric functions of the constituent materials.
These changes can occur either in a metal or in a dielectric layer,
or in both. Most of the studies in nonlinear plasmonics are con-
nected with the local-field enhancement facilitated by metal
nanoparticles [1].
So far the light-induced absorption modulation has been
studied with the intrinsic metal nonlinearity [1]. The intrinsic
nonlinearity of gold is related to the interband excitation of
nonequilibrium electrons and results in small changes of the
real part of the permittivity but in significant changes of the
imaginary part. The associated relaxation time is on the pico-
second scale, making terahertz-frequency modulation of signals
in plasmonic gold waveguides possible. The relaxation time of
the interband transitions in aluminum is much smaller and can
provide even faster modulation speeds [2]. Thus, the optical
nonlinearity in metals holds a potential that needs to be ex-
plored more. Results can be exploited for rapid optical switch-
ing and modulation by using strong excitation via an ultrafast
laser pulse. This approach has opened a whole new field of
active plasmonic systems [2].
Recent experiments confirm the presence of nonlinear
propagation effects in plasmonic waveguides, much like the
ones that for decades have been fueling nonlinear fiber optics
[3]. We have conducted recently an experiment [4] with strip
plasmonic gold waveguides and observed that the loss perfor-
mance was nonlinear as the power was increased. We attributed
this effect to the imaginary part of the nonlinearity of gold. We
also saw indications of self-phase modulation (SPM) in pico-
second pulses spectra governed by the real part of the third-
order susceptibility. Both effects were significantly affected
by the nanometer-scale thickness of the gold layers as one
can conclude from the restored effective nonlinearity parame-
ters. To our knowledge such a study has not yet been done in
plasmonic waveguides. An early study [5] used the cw-like
pumping and obtained significant thermal contributions to
the nonlinear phase. Also, the real and imaginary components
of the third-order susceptibility of thin gold layers were char-
acterized using the z-scan method [6,7]. In another recent ex-
periment Baron et al. [8] measured the imaginary component
of the third-order susceptibility for bulk gold by studying
nonlinear propagation of surface-plasmon polaritons at a single
air/metal interface.
The model developed in the present paper provides the
theoretical background to our recent experiment, as to under-
stand and ultimately exploit intrinsic metal nonlinearities in
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thin metal films. The current vision of possible nonlinear
behavior in noble metals is that they occur due to the Fermi
smearing process. When a thin metal film is exposed to an
ultrafast laser pulse, it absorbs the optical pulse, which leads
to rapid heating. The rise in the temperature of the material
results in interband transitions and broadens the electronic dis-
tribution around the Fermi energy. This eventually causes sig-
nificant change in the dielectric permittivity of metal [9].
Another possible mechanism is that a strong electric field in
ultrashort laser pulses affects the distribution of free electrons.
Such direct influence is preferable in terms of exploitation due
to the fast electronic response and symmetric time scale of both
phases of the nonlinear process: development and relaxation.
In our recent experiment we characterized strip plasmonic
waveguides, and this geometry forms the basis of the theory
in the present paper. The waveguide layout contains the gold
core with the finite microscale width and nanoscale thickness,
tantalum pentoxide adhesion layer, and silicon dioxide cladding.
This particular waveguide configuration was chosen because it
provides effective propagation of a long-range surface plasmon
polariton (LRSPP) [10]. The optical properties of the LRSPP
mode are utilized in many applications, such as nanofocusing
of electromagnetic radiation [11] or photodetectors [12]. The
nonlinear effects associatedwith propagation of a LRSPP in plas-
monic waveguides are less investigated. One theoretical ap-
proach is related to application of the hydrodynamic model for
the free-electron gas [13]. The nonlinear propagation of LRSPP
modes can be studied in terms of either the second-order [14] or
the third-order nonlinearity [15]. A novel approach in the field
of nonlinear optics with metals has been introduced by Conforti
and Della Valle in [16], where the third-order susceptibility for
gold was derived from the two-temperature model of electron
temporal dynamics. In [15] Marini and co-workers reported a
consistent nonlinear model for plasmonic modes, formulated
in terms of the classical nonlinear fiber optics formalism.
In the present paper we also take into account that all con-
stituent materials (metal, adhesion layer, and cladding) exhibit a
nonlinear response. So, in line with the classical nonlinear fiber
optics formalism as well as the recent literature [15,16] we con-
sider an effective nonlinearity of the LRSPP waveguide mode.
We apply the model of the third-order susceptibility of gold
[16] to the geometry of the strip plasmonic waveguides and
consider losses originated both from the linear and nonlinear
parts of the metal dielectric function. The effective nonlinearity
of the LRSPP mode leads to two interesting nonlinear effects.
The first effect is a nonlinear saturation of the average power of
the LRSPP mode. The second effect is nonlinear phase modu-
lation with the spectral broadening of the LRSPP pulse. Since
our experiment was conducted with a powerful picosecond
laser at 1064 nm, we apply our model for this specified wave-
length. We also discuss other important ultrafast laser wave-
lengths (800 and 1550 nm), in particular, regarding different
gold behavior.
The paper has the following structure. Section 2 describes
optical properties of the constituent materials: gold, tantalum
pentoxide, and silicon dioxide. Section 3 presents the effective
index theory for calculation of the LRSPP propagation constant
in the strip plasmonic waveguide. Section 4 explains a role of
the chromatic dispersion in propagation of the LRSPP mode.
Section 5 is devoted to nonlinear parameters of the plasmonic
waveguide. Section 6 shows a solution to the pulse propagation
equation for the LRSPP mode and explains the obtained non-
linear effects.
2. OPTICAL PROPERTIES OF MATERIALS
We will start the modeling of plasmonic waveguides by
considering optical properties of the constituent materials.
Dielectric permittivity ϵSiO2 of silicon dioxide (silica) is
described by the following Sellmeier equation [17],
ϵSiO2  1
0.6961663λ2
λ2 − 0.06840432 
0.4079426λ2
λ2 − 0.11624142
 0.8974794λ
2
λ2 − 9.8961612 ; (1)
where λ is the light wavelength in micrometers. Permittivity
ϵTPO of tantalum pentoxide (amorphous dielectric) is given
by the following equation [18]:
ϵTPO  ϵ∞ −
ω2p;0
ω2  iγ0ω

X6
j1
ω2p;j
ω2j − ω
2 − iγω
: (2)
Hereω  2πc∕λ is the light angular frequency; c is the vacuum
speed of light; ϵ∞  A − B∕λ22 is the dielectric permittivity
of amorphous Ta2O5 from the Cauchy dispersion formula [18]
with A  2.06 and B  0.025 μm2; ωp;0  6490 cm−1 and
γ0  6.5 × 10−5 cm−1 are the Drude plasma frequency and
scattering rate for Ta2O5; and ωp;j, γjj  1; 2; 3; 4; 5; 6 are
the experimental parameters for the Lorentz oscillators taken
from [18]. The linear refractive indices are nSiO2 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ϵSiO2
p
for silica, and nTPO ≈
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ReϵTPO
p
for tantalum pentoxide,
respectively [Fig. 1(a)]. They have two main features. First, tan-
talum pentoxide has larger values of the linear refractive index:
in particular at 1064 nm, the refractive index nSiO2 for silica
is ∼1.45, and the refractive index nTPO for tantalum pentoxide
is ∼2.07. Second, silica has a zero-dispersion wavelength at
∼1.27 μm [3], and tantalum pentoxide at ∼1.8 μm [18].
Dielectric permittivity ϵAu of a thin gold layer is based on
the classical Drude model [19], but with accounting for an elec-
tron confinement factor. For a metal nanosphere the frequency
of electron collisions γf depends on the radius r [20,21]. In the
same way of arguing as in [20], where 1∕r dependence reflects
the ratio of surface area to volume, we can proceed by assuming
that for a thin gold stripe with thickness t we can take
(a) (b)
Fig. 1. (a) Linear refractive indices for SiO2 and Ta2O5. (b) Real
and imaginary parts of the dielectric permittivity for a gold layer at
1064 nm.
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ReϵAu  1 −
ω2p
γ2f  ω2
; (3)
ImϵAu 
γf ω
2
p
ωγ2f  ω2
; (4)
γf  γ∞ 
υF
t
; (5)
where ωp 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ne2∕ϵ0me
p
is the plasma frequency for gold, e is
the electron charge, ω0 is the vacuum permittivity, n is the elec-
tron density,me is the electron mass, γ∞  3.3 × 1013 s−1 is the
frequency of electron collisions for bulk gold, and υF is the
Fermi velocity of electrons. As the layer thickness t approaches
nanoscale values, free electrons start to feel the layer boundaries
and the second term in Eq. (5) accounts for this increment of
the electron collisions frequency, while the plasma frequency
stays the same [19]. The local Drude model may not be appli-
cable for layers with the thicknesses below 10 nm [13,22]. Also
there is an intensive clustering process for thin layers [20], and
their fabrication especially with thicknesses below 10 nm is still
challenging [23]. Therefore our model will focus on plasmonic
waveguides with the thickness values above the clustering
threshold. Constraining parameter t by 10 nm it is straightfor-
ward to show that Eq. (4) can be simplified,
ImϵAu ≈ ImϵAu∞ 
ω2pυF
ωγ2∞  ω2t
; (6)
where ImϵAu∞ is the imaginary part of the permittivity for
bulk gold.
The real and imaginary parts of the dielectric permittivity of
a gold layer were calculated at 1064 nm, and for thicknesses t in
the range 10–60 nm [Fig. 1(b)]. The real part ReϵAu is neg-
ative and changes insignificantly by only ∼0.9%. This is
because the frequency of electron collisions γf is much less than
telecom optical frequencies: γf ∼17.2 × 1013 s−1 at t  10 nm
and decreases to ∼5.6 × 1013 s−1 at t  60 nm. In contrary,
imaginary part ImϵAu changes by an order of magnitude.
The obtained values for the linear refractive indices and dielec-
tric permittivities of the constituent materials will be used fur-
ther for calculation of the plasmonic waveguide dispersion.
3. STRIP PLASMONIC WAVEGUIDES
The designed geometry of strip plasmonic waveguides (Fig. 2)
contains the gold core with thickness t , tantalum pentoxide
layers with thickness t1, and thick silica claddings. The
waveguide has the microscale width w and millimeter-scale
length l . The thickness of the SiO2 claddings is large enough
to cover the LRSPP mode distribution in the yz-plane. The
propagation constant β of the plasmonic mode can be calcu-
lated by the effective index method [24]. First, the propagation
constant β∞ of the LRSPP mode is derived, assuming an
infinitely wide (w  ∞) slab waveguide.
By using Maxwell’s equations and boundary conditions it is
straightforward to show that the dispersion equation for propa-
gation constant β∞ in the symmetric five-layer system is
given by
k3
ϵ3
tanh

t
2
k3

 − k2
ϵ2

k2
ϵ2
 k1ϵ1

ek2t1 −

k2
ϵ2
− k1ϵ1

e−k2t1
k2
ϵ2
 k1ϵ1

ek2t1 

k2
ϵ2
− k1ϵ1

e−k2t1
: (7)
Here kj 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
β2∞ − ϵjω
2∕c2
q
j  1; 2; 3 are the wave vectors for
silica, tantalum pentoxide, and gold, respectively. The dispersion
equation is solved numerically for β∞, and the effective index
of the LRSPP mode is neff  β∞c∕ω. Then, effective index
neff of the slab waveguide is used to determine the propagation
constant β of the plasmonic mode in the finite-width strip
waveguide by solving the standard dispersion equation [24]:ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ω2n2eff
c2
− β2
r
tan

w
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ω2n2eff
c2
− β2
r 

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
β2 −
ω2n2SiO2
c2
s
:
(8)
The normalized propagation constant β  βc∕ω  neff 1
corresponds to the effective refractive index of the LRSPP
mode. Equation (8) has several roots, which correspond to
different LRSPP spatial modes. The fundamental mode has
the largest value of the effective refractive index neff [25], and
the effective refractive indices of other roots are in the range
n1 < neff1 < neff . We will focus further on the fundamental
mode, which is a transverse magnetic mode with the magnetic
field pointed along the y-direction, and the electric field pointed
along the z- and x-directions. The real part of the effective re-
fractive index Reneff1 and imaginary part of the propagation
constant Imβ were calculated in the wavelength range 800–
1550 nm, and for thicknesses t  22, 27, and 35 nm (Fig. 3).
These specific values of the thickness were selected mainly to
follow the recent experimental study [4]. They are above
the clustering threshold and small enough to provide low-loss
propagation of the LRSPP mode. The imaginary part of the
propagation constant defines the linear absorption coefficient
α  2 Imβ of the plasmonic mode [22]. As expected, the
Fig. 2. Geometry of the strip plasmonic waveguide.
(a) (b)
Fig. 3. (a) Effective index and (b) linear absorption coefficient
versus wavelength.
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thinner gold layers have lower attenuation, and the LRSPPmode
has a larger propagation distance, respectively. TheTa2O5 thick-
ness t1  26 nm and the strip width w  10 μm were used in
the calculations.
Further we focus on the dominating electric field compo-
nent Ez . The normalized electric field intensity distribution
jEzy; zj2 was calculated for the LRSPP mode in the transverse
sections of the waveguide (Fig. 4). In the xy-plane, the distri-
bution function experiences a step-like behavior at the interfa-
ces, both Au\Ta2O5 and Ta2O5\SiO2 [Figs. 4(a) and 4(c)].
Thickness t does not affect the intensity distribution in the
z-plane [Fig. 4(b)]. The two-dimensional function Ezy; z
with a good accuracy can be expressed in terms of a product
of the one-dimensional distribution functions: Ezy; z 
EzyEzz. In fact, the value of β∞ for the infinitely wide slab
waveguide differs by less than one percent from the value of β
for a finite-width strip waveguide, thus justifying the variables y
and z separation in the expression for the two-dimensional dis-
tribution function. This property of the distribution function
will be used in the further calculation of the field integrals for
the constituent materials: gold, tantalum pentoxide, and silica.
4. CHROMATIC DISPERSION
The first and second derivatives of the real part of the propaga-
tion constant define the lowest-order chromatic dispersion in
plasmonic waveguides. The first derivative β1  dβ∕dω is
related to group velocity υg and group index ng of the
LRSPP mode as β1  1∕υg  ng∕c [3]. The second derivative
β2  d 2β∕dω2 [also referred to as the group velocity dispersion
(GVD) parameter] is related to the characteristic dispersion
length LD of the plasmonic mode as LD  T 20∕jβ2j, where
T 0 is the 1∕e-intensity value of a Gaussian input optical pulse.
Group index ng and GVD parameter β2 were calculated in the
range 800–2000 nm (Fig. 5). The average value of υg at 1064 nm
is ∼67% of the vacuum speed of light. The values of the zero-
dispersion wavelength of the plasmonic mode are ∼1.7, ∼1.8,
and ∼1.93 μm for the gold layer of thicknesses 22, 27,
and 35 nm, respectively. The zero-dispersion wavelength at
∼1.55 μm can be achieved in plasmonic waveguides with the
gold layer thickness 15 nm. The magnitude of β2 is 10 times
larger (∼10−4 ps2∕mm  102 ps2∕km) than typical values
for single-mode optical fibers (∼10 ps2∕km) [3]. Dispersion
length LD for 3 ps pulses is much larger (∼200–1000 mm) than
physical length of the waveguide l (∼1 mm). This means that
the chromatic dispersion has a small effect on the propagation of
picosecond optical pulses in the plasmonic waveguide.
The situation is different in the case of femtosecond optical
pulses, when the dispersion length is comparable with the
waveguide length. The chromatic dispersion can significantly
affect the propagation of femtosecond optical pulses in plas-
monic waveguides, and many interesting phenomena can arise.
In this paper we will focus on picosecond optical pulses, when
the chromatic dispersion effect has a minor role. The case of
femtosecond optical pulses will be discussed elsewhere.
5. NONLINEAR PARAMETERS
For the quantitative analysis of effective nonlinear properties of
the LRSPP mode in the waveguide we employed the field
integrals in each material section given by the following
expressions:
θAu 
R t∕2
−t∕2 jEz j2dzR∞
−∞ jEz j2dz
; (9)
θTa2O5 
2
R t∕2t1
−t∕2 jEz j2dzR∞
−∞ jEz j2dz
; (10)
θSiO2 
2
R∞
t∕2t1 jEz j2dzR∞
−∞ jEz j2dz
 1 − θAu − θTa2O5 : (11)
The initial two-dimensional integrals over the plasmonic
mode area in the yz-plane were reduced to one-dimensional
integrals over the z-coordinate by applying the variables
separation justified above: Ezy; z  EzyEzz. In fact, the
one-dimensional integrals over the y-coordinate have the same
values in the numerator and denominator and are canceled due
to the waveguide symmetry.
The real and imaginary parts of effective third-order suscep-
tibility χ3 of the LRSPP mode are expressed as follows,
Reχ3  θAu Reχ33   θTa2O5χ32  θSiO2χ31 ; (12)
Imχ3  θAu Imχ33 ; (13)
(a) (b)
(c)
Fig. 4. Intensity distributions in (a) z-axis, (b) y-axis, and (c) zoom
on the interfaces.
(a) (b)
Fig. 5. (a) Group index and (b) GVD parameter versus wavelength.
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where χ31 is the third-order susceptibility for the SiO2 clad-
dings [26], χ32 is the third-order susceptibility for the
Ta2O5 layers [27], and χ
3
3 is the third-order susceptibility
for the Au layer. The third-order susceptibility for bulk gold
is given by the following expression [15],
χ3∞  1
2
ϵ0ω ImϵAuτrτth

γe
Ce
−
γlat
C lat

∂ϵinter
∂T e
; (14)
where Ce and C lat are the electronic and lattice heat capacities
per unit volume of gold, γe and γlat are the electron and lattice
thermalization rates, τth  1∕γe∕γlat is the decay time for non-
thermalized electrons, τr  CeC lat∕CCe  C lat is the decay
time for thermalized electrons, C is the electron–phonon
coupling coefficient, and ∂ϵinter∕∂T e is the complex value of
interband thermo-modulational derivative. To calculate the
thickness-dependent third-order susceptibility for the gold layer
χ33 , one can substitute the thickness-dependent permittivity
ϵAu from Eq. (6) into Eq. (15) and obtain the following
expression:
χ33  χ3∞

1 υF
γ∞t

: (15)
In the derivation of Eq. (15) we assumed all parameters in
the two-temperature model, except ImϵAu, were being thick-
ness independent. For very small thicknesses, the model must
be revised by using the nonlocal and quantum approaches
[6,13]. The calculated real and imaginary parts of χ33 for layer
thickness t in the range 10–60 nm (Fig. 6) indicate the incre-
ment of the third-order susceptibility in ∼3 times as the layer
thickness decreases from 60 to 10 nm. The horizontal asymp-
totes in Fig. 6 correspond to the value of third-order suscep-
tibility χ3∞ for bulk gold at 1064 nm [15]. The real part is
Reχ3∞   4.6 × 10−17m2∕V2, and the imaginary part is
Imχ33   4.8 × 10−18 m2∕V2. The real part is ∼10 times
larger in magnitude than the imaginary part Imχ33  for the
same values of the layer thickness. Figure 6 also shows the
thickness limitations. The Drude model [Eqs. (3)–(5)] may
be inapplicable for the layer thicknesses below 10–15 nm
due to the possible quantum effects [6], nonlocal effects [13],
and layer clustering [20]. Conversely, the coupled LRSPP mode
collapses at the layer thicknesses above 50–60 nm due to the
small penetration depth of the surface electromagnetic waves in
metal [22]. Therefore, the effective range of t is ∼15–50 nm
for experimental studies.
The literature values of χ3∞ at 1550 nmaremostly the same as
at 1064 nm [15], but the linear absorption in the waveguide is
somewhat lower [Fig. 3(b)]. The wavelength 1550 nm can
be a good option for an experimental study of nonlinear
effects in the gold strip waveguides. Moreover, for this
wavelength anomalous waveguide GVD can be found, making
it possible to excite solitons. For the wavelength 800 nm,
although the value of Reχ3∞  is ∼40% larger than at 1064 nm,
the value of Imχ3∞  is ∼5 times larger. This means that non-
linear absorption will dominate the nonlinear dynamics.
Effective nonlinear refractive index n2eff , nonlinear absorp-
tion coefficient β, and nonlinear parameter γ of the plasmonic
mode are expressed by the following expressions [28],
n2eff 
3
4ϵ0cn20
Reχ3; (16)
β  βc
Aeff
 3ω
2ϵ0c2n20Aeff
Imχ3; (17)
γ  ω
c
n2eff
Aeff
; (18)
where βc is the conventional definition of the nonlinear absorp-
tion coefficient [28], and Aeff is the effective area of the
plasmonic mode calculated by the following formula [3]:
Aeff 
R∞
−∞
R∞
−∞ jEzy; zj2dydz

2
R∞
−∞
R∞
−∞ jEzy; zj4dydz
: (19)
The calculated values of the field integrals θAu, θTa2O5 , θSiO2 ,
effective linear refractive index neff 1 and third-order susceptibil-
ity χ33 of the LRSPP mode, and linear refractive index nAu of
the gold layer for layer thicknesses t  22, 27, and 35 nm are
summed up in Table 1. The variation of each parameter was
calculated as a function of the thickness variation δt  1 nm.
In all the calculations, the same values of the Ta2O5 layers
thickness t1  26 nm, waveguide strip width w  10 μm,
and wavelength λ  1064 nm were used. The literature
values of the dielectrics third-order susceptibilities are χ31 
2.07 × 10−22 m2∕V2 for SiO2, and χ
3
2  1.12 × 10−20 for
Ta2O5. The field integral values indicate that most of the elec-
tric field of the LRSPP mode (around 97%) is situated in the
SiO2 claddings. However, the contribution terms from tanta-
lum pentoxide θTa2O5χ
3
2 and silica θSiO2χ
3
1 to the real part of
the third-order susceptibility Reχ3 are of the same order of
magnitude (∼3 × 10−22 m2∕V2 and ∼2 × 10−22 m2∕V2, re-
spectively). The contribution from the gold layer is ∼2 orders
of magnitude larger (∼2 × 10−20 m2∕V2), and is therefore
dominating. The imaginary part of the third-order susceptibil-
ity Imχ3 is solely determined by the imaginary part of the
third-order susceptibility Imχ33  of the gold layer as the chosen
wavelength has a photon energy that is well below half of the
optical bandgap of silica and tantalum pentoxide, nullifying
their respective imaginary nonlinear susceptibility. Thus, the
dominant role of the nonlinearity of the gold layer in the
effective nonlinearity of the plasmonic mode is confirmed.
This is in accordance with the recent theoretical results pub-
lished by Baron et al. for other plasmonic systems [29].
(a) (b)
Fig. 6. (a) Real part and (b) imaginary part of the third-order
susceptibility for Au layers at 1064 nm.
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6. PULSE PROPAGATION EQUATION
Once the mode properties of the strip plasmonic waveguides
are known, the propagation dynamics of these modes is well
described by the nonlinear Schrödinger equation [3],
∂A
∂x
 iγjAj2A − α
2
A −
β
2
jAj2A; (20)
where Ax; T  is the complex amplitude of an optical pulse, x is
the propagation coordinate, T is the time coordinate in the co-
moving frame of the input pulse. The first and third terms cor-
respond to the SPM and nonlinear absorption, respectively. The
chromatic dispersion has been neglected, which is a good
approximation as dispersion length LD for picosecond optical
pulses in a plasmonic waveguide is much larger than its physical
length l . The formal solution to Eq. (20) is Ax; T  ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Px; T 
p
expiϕNLx; T , where Px; T  is the pulse power
amplitude and ϕNLx; T  is the pulse nonlinear phase.
Although this has been studied extensively in the literature,
we are here dealing with the particular case where dispersion
is negligible and where linear and nonlinear absorption is signifi-
cant, which makes it worth revising the results. Substituting this
solution in Eq. (20) gives the following system of differential
equations:  ∂Px;T 
∂x  −αPx; T  − βjPx; T j2;
∂ϕNLx;T 
∂x  γPx; T :
(21)
The system is straightforward to solve for the Gaussian
pulse initial conditions: P0; T   P0 exp−T 2∕T 20 and
ϕNL0; T   0:(
Px; T   P0e
−T 2∕T 2
0 e−αx
1βP0e−T
2∕T2
0 1−e−αx ∕α
;
ϕNLx; T   γβ ln1 βP0e−T
2∕T 201 − e−αx∕α:
(22)
These solutions describe how peak power Px; T  and phase
ϕNLx; T  of optical pulses change in the time domain upon
propagation. For practical purposes, the expression for Px; T 
can be modified to obtain a formula for the average power of
light at the output of the plasmonic waveguide, which is the
observable and measurable quantity. The equation for the pulse
energy Ex is expressed as
Ex 
Z ∞
−∞
jAx; T j2dT

Z ∞
−∞
P0T 0e−αxe−T
2∕T 20
1 βP0e−T 2∕T 201 − e−αx∕α
dT ∕T 0: (23)
It is straightforward to show that if the integral in Eq. (23) is
expanded in the Taylor series up to the second-order term, this
equation can be simplified to the following form,
Ex  P0T 0e−αx
 ﬃﬃﬃ
π
p
−
ﬃﬃﬃ
π
p
βP0ﬃﬃﬃ
2
p 1 − e
−αx
α

; (24)
where Ex  Px∕f rep is the pulse energy in terms of average
power Px and laser repetition rate f rep. Peak power P0 is
related to average input power P0 as P0  P0∕
ﬃﬃﬃ
π
p
T 0f rep.
By substituting the expression for the pulse energy and peak
power in Eq. (24), and accounting that exp−αx≪ 1 at the
waveguide output (x  1) due to the large linear attenuation
[Fig. 3(b)], the following equation for average output power
Pl is obtained:
Pl  P0e−αl −
ﬃﬃﬃ
π
p
βP02ﬃﬃﬃ
2
p
αT 0f rep
e−αl : (25)
This equation can be used for practical applications since the
average input and output power are the directly measurable
quantities. It shows that average output power Pl from
the plasmonic waveguide of length l depends nonlinearly on
the average input power P0, and an asymptotic saturation of
function PlfP0g is expected at high values of P0. The non-
linear trend PlfP0g depends on linear absorption coefficient
α, laser repetition rate f rep, pulse duration T 0, nonlinear
parameter β, and length l of the waveguide. The calculated
power trends for different thicknesses t  22, 27, and 35 nm
(Fig. 7) confirm the expected nonlinear behavior. The nonlin-
ear term in Eq. (25) becomes important for values of P0 above
0.15–0.2 W. The possible saturation plateau is achievable at
values of P0 above 0.5 W. The obtained nonlinear functions
PlfP0g clearly depend on gold thickness t; the saturation is
achieved faster for thinner waveguides. It confirms that gold
layer thickness t is a crucial parameter for χ3 of the LRSPP
mode. The following parameters were used in the calculations:
waveguide width w  10 μm and length l  3 mm, Ta2O5
thickness t1  26 nm, laser peak wavelength λ  1064 nm,
Table 1. Parameters of the Waveguide: θAu, θTa2O5 , θSiO2 , neff1, nAu, Aeff, β, γ, χ
3
3 for Different Gold Layer Thicknesses
t , nm 35 1 27 1 22 1
θAu, 10−3 0.1872 0.0055 0.1397 0.0062 0.1084 0.0063
θTa2O5 0.0298 0.0004 0.0263 0.0004 0.0239 0.0005
θSiO2 0.9701 0.0005 0.9736 0.0005 0.9760 0.0005
Reneff 1 1.4649 0.0003 1.4603 0.0003 1.4576 0.0003
Imneff 1, 10−2 0.0265 0.0009 0.0179 0.0009 0.0143 0.0009
RenAu 0.1352 0.0020 0.1570 0.0034 0.1786 0.0050
ImnAu 6.4223 0.0001 6.4208 0.0003 6.4192 0.0004
Aeff , μm2 9.17 0.11 10.24 0.16 11.15 0.20
β, 1/(W·m) 0.139 0.005 0.095 0.005 0.069 0.005
γ, 1/(W·m) 0.77 0.03 0.52 0.03 0.38 0.03
Reχ33 , m2∕V2 10.03 × 10−17 11.65 × 10−17 13.27 × 10−17
Imχ33 , m2∕V2 10.58 × 10−18 12.29 × 10−18 14.00 × 10−18
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repetition rate f rep  78 MHz, and FWHM pulse dura-
tion ΔT  2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ln2
p
T 0 ≈ 3 ps.
The second nonlinear effect concerns the LRSPP mode
spectral features. The pulse power spectral density (PSD) in
W/Hz is given by the squared Fourier transform of pulse
amplitude Ax; T  as follows:
PSDx;ω  f rep

Z ∞
−∞
Ax; T eiωT dT
2: (26)
By substituting the expressions for the pulse power amplitude
and phase in Eq. (26), the final formula for the PSD is obtained,
PSDl ;ω  f rep

Z ∞
−∞
0
@ P0e−T
2
T 2
0e−αl
1 βP0e
−T
2
T 2
0Leff
1
A1∕2
× e
iγβ ln
h
1Leff βP0e
−T
2
T 2
0
i
eiω−ωcT dT

2
; (27)
where ωc  2πc∕λ is the carrier frequency, which corresponds
to the peak wavelength 1064 nm, and Leff  1 − e−αl ∕α is the
effective waveguide length. The numerical modeling based on
Eq. (27) for the gold layer thickness t  22 nm (Fig. 8) shows
the nonlinear spectral broadening and splitting of an input
Gaussian pulse, depending on input average power P0. The
pulse splitting occurs at values of P0∼0.2 W. This nonlinear
effect was observed in our recent experiment [4]. The further
increase of P0 leads to the splitting and formation of more
SPM peaks. The cases of other thicknesses (27 nm, 35 nm)
and wavelengths (800 nm, 1550 nm) are qualitatively the same.
The splitting occurs at values of P0∼0.1 W at 1550 nm, and
P0∼1.2 W at 800 nm.
The obtained spectral features are in accordance with the
theoretical results for nonlinear properties of silicon waveguides
[30,31]. The principal difference here is that a plasmonic wave-
guide has much higher linear absorption and shorter physical
length than an ordinary silicon waveguide. However, the com-
parable nonlinear spectral broadening can be achieved. In the
case of optical fibers, the required waveguide length can reach
hundreds of meters or more to receive the desired nonlinear fea-
tures. In this sense a plasmonic or silicon waveguide provides the
same functionality, and can be integrated on-chip and used for
nonlinear purposes even with very short propagation lengths.
7. CONCLUSIONS AND OUTLOOK
In this paper we have presented the theoretical model of non-
linear behavior for plasmonic waveguides. The effective third-
order susceptibility χ3 of the LRSPP mode is the crucial
parameter for explanation of the nonlinear effects in plasmonic
strip waveguides—nonlinear power absorption and nonlinear
(SPM) of the LRSPP mode. The third-order susceptibility
χ3Au of the gold core has the dominant contribution to χ
3
of the whole plasmonic mode. It was verified for three values
of gold layer thicknesses t  22, 27, and 35 nm. The key point
is that the nonlinear properties are thickness dependent,
and the third-order susceptibility of gold layers is inversely pro-
portional to the thickness. Thin metal layers enhance the wave-
guide nonlinearity and provide effective nonlinear propagation
of ultrafast optical pulses. In our model, this nonlinear en-
hancement effectively comes from modeling the electron
collision rate with a Fermi velocity term that increases with
thinner waveguides due to a 1∕t dependence. The results con-
firmed the nonlinear power saturation that was observed in [4]
for the average values of the input power P0 in the range above
0.15–0.2 W, and for the high repetition rate f rep  78 MHz
picosecond laser pumping at 1064 nm. In the same range an
SPM effect was observed, leading to the LRSPP spectral broad-
ening and splitting, again in accordance with our recent exper-
imental results. The deep analogy with classical fiber-based
nonlinear optics shows that plasmonic waveguides are potential
candidates for nonlinear optics applications on a microscopic
length scale.
One of the possible developments in this direction is the
nonlinear analysis of higher-order plasmonic modes. The cur-
rent model is for the fundamental LRSPP mode, but other spa-
tial modes can also be excited. These higher-order modes will
affect the dynamics by nonlinear cross-phase modulation [3].
Another development concerns the propagation of even shorter
(femtosecond) pulses in the plasmonic waveguides. The chro-
matic dispersion effect may have a more dominant role than in
the present case. The investigation of nonlinear propagation of
femtosecond pulses in the plasmonic waveguides will be done
Fig. 7. Nonlinear power trends for different gold layer thicknesses
at 1064 nm. Black line corresponds to the linear LRSPP regime.
Fig. 8. SPM broadening of the input Gaussian pulse at 1064 nm
using t  22 nm.
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elsewhere. The interaction of the nonlinear and GVD effects
leads to many interesting optical phenomena in plasmonic
nanostructures with their possible practical realization, for
example, in optical communication systems. All further devel-
opments will involve a more generalized pulse propagation
equation with a strict vectorial approach [32]. Our results
indicate that the waveguides investigated here could have
anomalous GVD at telecom C-band wavelengths, which means
that solitons can be excited using femtosecond Er-fiber lasers.
This has interesting nonlinear applications that hold promise
for plasmonic systems.
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This Letter presents an experimental study of nonlinear
plasmonic effects in gold-stripe waveguides. The optical
characterization is performed by a picosecond laser and
reveals two nonlinear effects related to propagation of long-
range surface plasmon polaritons: nonlinear power trans-
mission of plasmonic modes and spectral broadening of
plasmonic modes. The experimental values of the third-
order susceptibility of the gold layers are extracted. They
exhibit a clear dependence on layer thickness. © 2016
Optical Society of America
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Plasmonic waveguides possess unique optical properties. They
are utilized in many applications, such as components of inte-
grated optics [1], nanofocusing of electromagnetic radiation
[2], sensors [3], and photodetectors [4]. The nonlinear optical
effects associated with propagation of long-range surface plas-
mon polaritons (LRSPPs) are investigated much less. There
are several theoretical approaches to explain the third-order
nonlinear susceptibility χ3 of metals in plasmonic waveguides.
One approach is related to the hydrodynamic model [5], and
excitation of phase-mismatched second-order nonlinearities
also invokes an effective cubic nonlinearity [6]. Another ap-
proach is related to the thermo-modulational interband deriva-
tive [7]. In the latter case, the third-order susceptibility for bulk
gold is derived from the two-temperature model [8]. However,
there are very few experimental data on χ3 in the case of thin
metal layers. An overview of some theoretical and experimental
results related to χ3 of gold has been published recently by
Boyd et al. [9]. In particular, the real and imaginary compo-
nents of the third-order susceptibility of thin gold layers have
been measured using the z-scan method [10]. Third-harmonic
generation from gold nanoparticles over thin gold layers has
been reported recently [11]. The enhancement of nonlinear
properties can be even more pronounced if the metamaterials
concept is involved as shown in [12].
Here we experimentally study propagation of ultrafast pico-
second pulses in the LRSPP mode in ultrathin gold layers. The
nonlinear propagation effects reveal self-phase modulation
(SPM) and nonlinear losses, giving access to the real and imagi-
nary part of χ3, respectively. To our knowledge, such a study
has not yet been done in plasmonic waveguides; an earlier study
[13] used instead cw-like pumping and obtained significant
thermal contributions to the nonlinear phase. As adhesion for
gold-strip waveguides we chose tantalum pentoxide. Its non-
linear properties are well-known [14], and it provides fewer
propagation losses in plasmonic waveguides than metallic adhe-
sionmaterials, such as titanium [15]. The third-order nonlinear-
ities of all constituent materials [metal, adhesion layer, and
cladding (here, silica)] contribute to the effective third-order
nonlinearity of a plasmonic waveguide mode. Two nonlinear
optical effects in the plasmonic waveguides are observed and
quantified in the experiment. The first effect is the nonlinear
transmission and saturation of the output power of the
LRSPP mode. The second effect is the spectral broadening of
the LRSPP mode. Both effects are measured for several values
of the metal thickness. The third-order susceptibility of gold
layers is extracted from experimental data, and the obtained
results show the effective enhancement of the nonlinearities for
thinner metal layers.
The samples with plasmonic waveguides were fabricated
on a silicon wafer with a thick (∼6.5 μm) silica layer on top.
A standard UV lithography process was applied to pattern a
photoresist layer. Then, a metal layer and adhesion layers were
deposited using a sputtering machine. A chemical solution
(Piranha) was used to remove the photoresist layer afterward.
The profile contained four layers: bottom adhesion layer
(∼26 nm), metal layer (∼27 nm), top adhesion layer (∼26 nm),
and small silicon dioxide layer (∼21 nm). The layers were depos-
ited one after another in one sputtering program, and the known
deposition times and rates were used to calculate the thickness
values. The atomic force microscope Dimension Icon (Bruker)
was used to measure the waveguide profile [Fig. 1(a)] and metal
layers roughness [Fig. 1(b)]. The inset in Fig. 1(a) shows the de-
posited multilayer structure. The sharp edges on the waveguide
profile are the usual artifacts after the liftoff procedure [16].
The roughness profile on the metal surface shows the spikes with
the maximum height values ∼2 nm. The root mean square
(RMS) value for the roughness of the deposited metal layers
is 0.67 nm. Several measurements of 2 μm regions at arbitrary
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places were performed and confirmed the reported RMS
roughness.
To verify the roughness for the inner layers of the waveguide
structure (gold and adhesion), a separate test wafer was prepared.
A silicon wafer with a thick (∼800 nm) layer of silicon dioxide
was used as a substrate. A metal layer and an adhesion layer were
deposited on top by the same procedure, but in different parts of
the wafer. Their surfaces were imaged by the scanning electron
microscope LEO (Carl Zeiss). The gold surface [Fig. 2(a)] has
many bright dots related to the roughness spikes, andTa2O5 sur-
face [Fig. 2(b)] is smooth and free from any particles. The imag-
ing shows that both layers are continuous and of high quality.
After the sputtering of the waveguides, a 5.5 μm cladding
layer of silica was deposited on top using a standard plasma-
enhanced chemical vapor deposition method. The cladding
thickness and linear refractive index were measured by a multi-
ple-angle reflectometer (FilmTek 4000). The refractive index for
deposited silica is 1.456 at 1064 nm. Overall, three wafers with
the metal layer thicknesses t  22, 27, and 35 nm were fabri-
cated by the same procedure and used in the experiment. The
ready wafers were diced and several samples with lengths 2, 3,
and 4mmwere selected for optical characterization. Each sample
contained five identical waveguides with 10 μm width, and
100 μm spacing. Thus, the plasmonic waveguides do not inter-
fere with each other and can be investigated independently.
The experimental setup is shown in Fig. 3. The laser source
is the picosecond pump source for the SuperK EXTREME
(NKT Photonics) with the average output power tunable in the
range 0–15 W, repetition rate 78 MHz, pulse duration ∼3 ps,
and peak wavelength 1064 nm. The free-space laser beam
was linearly polarized by a polarizer (Thorlabs), shaped by a
Gaussian filter (10LF04-1064, FWHM 3.5 nm, Newport),
attenuated by a set of neutral density (ND) filters, and delivered
to the sample by a polarization-maintaining fiber (LMA-PM-
10, NKT Photonics). The laser beam polarization was aligned
to match the fast axis of the polarization-maintaining fiber
and transverse magnetic polarization of the LRSPP mode in
plasmonic waveguides. The end-fire coupling method was used
to excite plasmonic modes [17]. A single-mode fiber (LMA-10,
NKT Photonics) collected and delivered the transmitted
optical flux to the optical spectrum analyzer (OSA) AQ6315E
(Yokogawa). The end-fire coupling alignment was controlled
by an optical microscope. Before the transmission measure-
ments, the LRSPP mode in each waveguide was imaged by a
lens (Newport) and camera beam profiler (Thorlabs), and the
transverse magnetic polarization of the plasmonic mode was
verified by the linear polarizer [18]. This polarization check veri-
fies coupling to the LRSPP mode in each plasmonic waveguide.
First, the linear characterization of the plasmonic waveguides
was performed. The laser was tuned to a low average power
(<1 mW), and the transmitted power was measured by the
OSA for waveguides with different lengths and metal thick-
nesses. The insertion loss graphs are used to calculate propaga-
tion loss α per unit length and coupling loss C per two facets
(Table 1). For each value of the length and thickness, the mea-
surements of five identical waveguides are averaged, and the lin-
ear fit is calculated by the least squares method. The obtained
experimental values show that the linear propagation loss per
unit length increases in ∼1.8 times as the gold layer thickness
increases from 22 to 35 nm. The coupling loss per two facets
varies by ∼10%, and is completely within the calculation errors.
This conclusion is in accordance with the previous measure-
ments of the similar plasmonic waveguides [19]. The obtained
values for α are ∼2–3 times higher than the results published by
Berini et al., and several possible reasons explain this. First, the
maximum values of the roughness spikes of the gold layers are
∼2 nm, in comparison with ∼1 nm in Ref. [19]. Second, the
peak wavelength 1550 nm used in Ref. [19] provides lower at-
tenuation of the LRSPP mode in plasmonic waveguides than
the peak wavelength, 1064 nm [20]. We expect that the sharp
edges on the waveguide profile in Fig. 1(a) do not contribute
significantly to the propagation losses as the field intensity of
the LRSPP mode is close to zero at the waveguide edges [20].
In order to obtain the necessary amount of measurements,
the input power was varied by either changing the ND filters
or the output power from the laser. The transmitted power
was measured by the OSA for the 3 mm waveguides. The ob-
tained dependencies of transmitted power Pout with respect to
delivered power Pin have nonlinear trends of dependencies
PoutPin at high values of input power (Fig. 4). These nonlinear
trends depend on the metal layers’ thickness. The plasmonic
waveguides with thinnermetal layers havemore pronounced rel-
Fig. 1. Atomic force microscope measurements: (a) waveguide pro-
file and layers scheme and (b) metal layer roughness. The inset shows
the multilayer waveguide deposited on the silica substrate.
Fig. 2. Scanning electron microscope images: (a) gold surface and
(b) tantalum pentoxide surface.
Fig. 3. Experimental setup for nonlinear optical characterization.
Table 1. Experimental Values of the Propagation and
Coupling Loss for LRSPP with Gold Layers of Different
Thicknesses and Fit Coefficients α and b for the
Plasmonic Waveguides
t (nm) α (dB/mm) C (dB) a b (1/W)
22 7.8 0.2 3.2 0.5 2.26 · 10−3 1.54 · 10−3
27 11.1 0.2 3.3 0.8 2.49 · 10−4 1.38 · 10−4
35 13.8 0.3 3.5 1.0 6.53 · 10−6 3.09 · 10−6
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ative deviation from the linear power dependences at the same
values of Pin. The second feature is that these nonlinear trends
depend on the metal layers’ thickness. The plasmonic wave-
guides with thinner metal layers have more pronounced relative
deviation from the linear power dependences at the same values
of the input power. For each value of the metal thickness the
measurements of five identical waveguides are averaged and the
nonlinear curve fit is calculated a Pout  aP in − bP2in, where a
and b are the fitting coefficients. Here the input and output
powers are corrected for the coupling loss at the end facets.
The calculated values for a and b are presented in Table 1.
The coefficient a is related to the linear loss parameter α of
the LRSPP mode as a  e−αl , where l is the waveguide length.
The calculated values of α are 8.82 dB/mm, 12.0 dB/mm, and
17.3 dB/mm for the metal thicknesses 22, 27, and 35 nm, re-
spectively. These values are somewhat higher than the values of
linear losses at low-power characterization, and the origin of this
is at present unclear. The coefficient b is related to nonlinear
absorption coefficient β of the plasmonic mode. The nonlinear-
ities of the constituent materials (metal, adhesion, and cladding)
in plasmonic waveguides, as well as heating for high powers, con-
tribute to the effective nonlinearity of the LRSPP mode.
In terms of the nonlinear response of the constituent
materials, gold has a dominant contribution in the effective
third-order susceptibility χ3eff of the plasmonic mode [21]. It
is related to the nonlinear coefficient β as β  βc∕Aeff 
3ωImχ3eff ∕2ε0c2n20Aeff . Here βc is the conventional def-
inition of the nonlinear absorption coefficient [22], ω  2πc∕λ
is the light angular frequency, c is the speed of light in vacuum,
ε0 is the vacuum permittivity, n0 is the effective linear refractive
index, and Aeff is the effective area of the LRSPP mode. The
nonlinear coefficient b depends on both the nonlinear param-
eters of the LRSPP mode and the laser parameters. By consid-
ering the pulse-propagation equation [23], it is straightforward
to show that the ratio b∕a ≈ β∕αTf rep, where T is the laser
pulse duration, and f rep is the laser repetition rate. We analyzed
the structure of our plasmonic waveguides, where the total
effective nonlinearity has contributions from all layers, calcu-
lated through the overlap integral of the spatial distribution of
the plasmonic mode in each layer and using the respective
bulk nonlinearities. The values of the field integrals from the
gold core θAu are ∼1.1 × 10−4, ∼1.4 × 10−4, and ∼1.9 × 10−4
for the layers thickness 22, 27, and 35 nm, respectively. And
the values of the effective area of the waveguide are ∼11.2 μm2,
∼10.2 μm2, and ∼9.2 μm2, respectively. Through this analy-
sis, which will be presented in detail elsewhere, we found
that gold has by far the dominating contribution to the total
effective nonlinearity: the contribution from the gold layer is 2
orders of magnitude bigger (∼10−20 m2∕V2) than the one from
the tantalum pentoxide layer (∼10−22 m2∕V2), although the
latter has a quite large cubic nonlinearity [14]. The calculated
value of the real part of the effective refractive index of the plas-
monic mode Reneff  ≈ 1.47 is much larger than the value of
its imaginary part Imneff  ≈ 0.01. Therefore we can take as a
good approximation the following formula for the nonlinear ab-
sorption coefficient β ≈ 3ωθAuImχ3Au ∕2ε0c2n20Aeff , where
χ3Au is the third-order susceptibility of the gold layers, and co-
efficients a and b are used to extract the imaginary part of χ3Au .
The spectra of the transmitted optical flux were measured by
the OSA and in the range 1058–1069 nm (Fig. 5). The spectral
broadening and splitting are observed, a clear sign of SPM in-
fluenced by two-photon absorption from the real and imagi-
nary part of χ3, respectively [24]. This was confirmed with
numerical simulations of the nonlinear Schrödinger equation,
giving almost identical spectra as those in Fig. 5, where the ex-
perimental input pulse was used and no free parameters were
adopted (all linear and nonlinear parameters were those calcu-
lated by our waveguide analysis or measured experimentally).
The spectral broadening and splitting in the output spectra
differs slightly for each case. We compared the values of the
effective spectral widths for the input pulse and output pulses
at the splitting level (∼0.05), where for simplicity, the side
peaks with lower intensities (∼0.01–0.03) were neglected. To
do an analytical estimate, we approximate the input pulse with
a Gaussian one and calculate the nonlinear spectral broadening
factor (SBF) from comparing it to a Gaussian fit to the two
distinct SPM peaks. The SBF then relates to the effective
nonlinear coefficient γ by [23]:
SBF ≈ 0.86γP0
1 − e−αl
α
γ  ω
c
n2eff
Aeff
; (3)
Fig. 5. (a) Input pulse spectrum, and output pulse spectra for plas-
monic waveguides at the maximum input power (∼480 mW) with the
gold layer thickness (b) t22nm, (c) t  27 nm, and (d) t  35 nm.
Black lines on graph show a Gaussian fit to the measured spectra.
Fig. 4. Nonlinear power transmission for plasmonicwaveguides with
the gold layer thickness (a) t  22 nm, (b) t  27 nm, and (c) t 
35 nm. Black lines on each graph correspond to the fitted linear trend.
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where γ  ωn2eff ∕cAeff ; P0 is the peak power of an input
pulse, n2eff is the effective intensity-dependent refractive index
of the LRSPP mode, and l is the length of a plasmonic wave-
guide. This result assumes a purely Gaussian input pulse, which
is transform-limited (no chirp across the pulse). Although the
input pulse in the experiment was not transform-limited and its
spectrum had multiple modulated peaks, this expression serves
as a rough estimate of the effective waveguide nonlinearity γ
in the sample; such an approach is also justified by the close
agreement with the numerical simulations. Using the relation
between n2eff and Reχ3eff  the following formula is realized
γ ≈ 3ωθAuReχ3Au ∕4ε0c2n20Aeff , since as argued above
for the nonlinear loss, the dominating contribution comes from
gold. . The experimental values of the SBF are used to extract
the real part of χ3Au  of the gold layers.
The calculated values of the third-order susceptibility for
gold layers with different thicknesses, and the calculation errors
are presented in Table 2. Both the real and imaginary parts
decrease as the layer thickness increases. The values for the
third-order susceptibility are plotted in Fig. 6 and the nonlinear
curve fit is calculated as χ3Au  χ3∞  C∕t, where χ3∞ is the
third-order susceptibility for bulk gold [8], and C is the exper-
imental coefficient. The fitting 1∕t here is done by analogy
with the change of the electrons’ collisions frequency in metal
nanoparticles with the radius [25]. The calculated values for
the real and imaginary parts of the experimental coefficient
C are: ReC   5.82 0.15 × 10−24 m3∕V2, and ImC  
9.34 1.79 × 10−26 m3∕V2. For comparison we plot also
the third-order susceptibility for bulk gold χ3∞  4.56
0.48i × 10−17 m2∕V2 [8].
The experimental values of the real part of χ3Au are ∼4–5
times higher than the real part of χ3∞ for bulk gold. And ex-
perimental values of the imaginary part of χ3Au are ∼1.5–2 times
higher. Such χ3Au behavior is in accordance with previous
measurements of thin gold layers using the z-scan method [10].
Figure 6 also indicates the thickness limitations. Application
of the Drude model to ultrathin gold layers is questionable;
also, the possible layer clustering process [26] makes fabrication
of such waveguides challenging. On the other side, the LRSPP
mode breaks down at the gold layers’ thicknesses above
50–60 nm due to the small penetration depth of the electro-
magnetic field in metal [20].
There are two possible reasons to explain the increase of the
third-order susceptibility in gold layers with reduction of their
thickness. First, the effective enhancement of the third-order
nonlinearity in an ultrathin metal layer can be caused by the
change in the free electrons’motion due to the confinement fac-
tor. Consequently, their collisions frequency increases, and it
leads to the effective increase of the dielectric permittivity of a
metal layer. This, in turn, causes the increase of the third-order
susceptibility of the metal layer. Second, by considering the ul-
trafast electrons dynamics in metal [8], it is possible to assume
that, for the electrons heated by a laser pulse, the characteristic
thermalization rates with other electrons and the metal lattice
change with the thickness. It may also lead to the effective en-
hancement of the third-order susceptibility in a metal layer [8].
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Table 2. Third-Order Susceptibility of Gold Layers with
Different Thicknesses
t (nm) Reχ 3Au m2∕V2 Imχ 3Au m2∕V2
22 2.57 0.84 · 10−16 10.50 2.08 · 10−18
27 2.18 0.61 · 10−16 8.22 1.49 · 10−18
35 1.79 0.48 · 10−16 6.51 1.38 · 10−18
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Abstract:  
 
This presentation describes experimental and theoretical studies of the effective third-order 
susceptibility (3)
 
of the long-range surface plasmon polariton (LRSPP) mode in gold strip 
waveguides. The investigated plasmonic waveguides were fabricated in house [1], and contain a 
gold strip core with the layer width 10 μm and thicknesses 22, 27, and 35 nm, tantalum pentoxide 
adhesion layers, and silica cladding. This particular geometry provides effective propagation of the 
LRSPP mode in the millimeter range. We performed the nonlinear optical characterization of the 
waveguides, using a high power femtosecond laser source. The laser source was the femtosecond 
laser amplifier PHAROS (Light Conversion), providing ~200 fs FWHM pulses with a 200 kHz 
repetition rate at a center wavelength of 1030 nm. This wavelength was suitable to optimize the 
linear absorption losses and mode confinement in the plasmonic waveguides [2]. The nonlinear 
power transmission of the LRSPP mode in the plasmonic waveguides was observed, and the values 
of the imaginary part of the third-order susceptibility (3)Au  (~10
-19
 m
2
/V
2
) of the gold layers with 
different thicknesses were extracted from experimental data. They significantly depend on the laser 
pulse duration, comparing to the values of the imaginary component of (3)Au  ~10
-17
-10
-18
 m
2
/V
2
 
obtained previously at 1064 nm and 3-ps laser pulses [1]. To explain the experimental results on the 
third-order susceptibility of gold at different pulse durations, we apply the two-temperature model 
of electron temporal dynamics in gold. The theoretical dependence of the real and imaginary parts 
of (3)Au  with respect to the pulse duration for bulk gold and thin gold layers was obtained in the 
range 10 fs to 10 ps. It indicates significant adjustability of the real and imaginary parts of (3)Au  over 
~4 orders of magnitude in this pulse duration range, and explains well the obtained experimental 
results. Such tunability of (3)Au  can be one of the principal advantages of plasmonic waveguides on 
the way towards future plasmonic communication components, comparing to standard 
communication approaches based on dielectric nonlinearities [3]. We also discuss the thickness 
dependence of (3)Au . The effective enhancement of 
(3)
Au  for thinner metal layers can be explained by 
considering the effective change in the electrons motion. When the gold layer thickness approaches 
the nanoscale, the electrons start to feel the layer boundaries. Their collision frequency increases in 
several times, and it leads to changes in the real and imaginary parts of the dielectric permittivity of 
metal. In turn, this causes the effective enhancement of the thermo-modulational interband 
susceptibility of the metal layer. Therefore, the effective third-order nonlinearity of plasmonic 
waveguides significantly depends on two parameters: gold core thickness and laser pulse duration. 
The obtained results can be exploited for the development of future plasmonic communications.   
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[3] G. Agrawal, Nonlinear Fiber Optics (Academic Press, 2007). 
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Nonlinear effects in propagation of long-range surface plasmon 
polaritons in gold strip waveguides 
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Oersteds Plads, Building 345 V, Kongens Lyngby 2800, Denmark 
ABSTRACT   
This paper is devoted to experimental and theoretical studies of nonlinear propagation of a long-range surface plasmon 
polariton (LRSPP) in gold strip waveguides. The plasmonic waveguides are fabricated in house, and contain a gold layer, 
tantalum pentoxide adhesion layers, and silicon dioxide cladding. The optical characterization was performed using a 
high power picosecond laser at 1064 nm. The experiments reveal two nonlinear optical effects: nonlinear power 
transmission and spectral broadening of the LRSPP mode in the waveguides. Both nonlinear optical effects depend on 
the gold layer thickness. The theoretical model of these effects is based on the third-order susceptibility of the constituent 
materials. The linear and nonlinear parameters of the LRSPP mode are obtained, and the nonlinear Schrödinger equation 
is solved. The dispersion length is much larger than the waveguides length, and the chromatic dispersion does not affect 
the propagation of the plasmonic mode. We find that the third-order susceptibility of the gold layer has a dominant 
contribution to the effective third-order susceptibility of the LRSPP mode. The real part of the effective third-order 
susceptibility leads to the observed spectral broadening through the self-phase modulation effect, and its imaginary part 
determines the nonlinear absorption parameter and leads to the observed nonlinear power transmission. The experimental 
values of the third-order susceptibility of the gold layers are obtained. They indicate an effective enhancement of the third-
order susceptibility for the gold layers, comparing to the bulk gold values. This enhancement is explained in terms of the 
change of the electrons motion.   
Keywords: Plasmonics, nonlinear waveguides, ultrafast nonlinear optics, surface plasmon polaritons 
 
1. INTRODUCTION  
Plasmonic waveguides have unique optical properties, and found applications in many areas, such as components of 
integrated optics [1], nanofocusing of electromagnetic radiation [2], sensors [3], and photodetectors [4]. Meanwhile, 
nonlinear optical properties of plasmonic waveguides (with one or several metal-dielectric interfaces) are investigated 
much less. This problem is tricky, because the nonlinear metal properties are not yet well understood. One of the possible 
theoretical approaches here is based on the hydrodynamic model for the free-electron gas [5]. In other works, the 
nonlinear propagation of the LRSPP modes in plasmonic waveguides is studied in terms of either the cascaded second-
order nonlinearity at a metal-dielectric interface [6] or the third-order nonlinearity of metal and dielectric in plasmonic 
nanorod structures [7]. In the latter case, the third-order nonlinearity for gold is obtained from the two-temperature 
model of electrons dynamics [8] and the ideal lossless metal is assumed [7]. An overview of some theoretical and 
experimental results related to the third-order susceptibility of gold has been published recently by Boyd et al. [9]. The 
enhancement of nonlinear properties can even overcome the constituent material’s constrains if the metamaterials 
concept is involved [10].  
Recent experiments confirm the presence of nonlinear propagation effects in plasmonic waveguides, much like the ones 
that for decades have been fueling nonlinear fiber optics [11]. We recently conducted an experiment [12] using the same 
system used in the present paper, namely a strip plasmonic gold waveguide, and we observed that the loss performance 
was nonlinear as the power was increased, which we attributed to the imaginary part of the nonlinearity of gold, and we 
also saw indications of self-phase modulation (SPM) in the spectrum. Both effects were significantly affected by the 
nanometer-scale thickness of the gold layer. To our knowledge such a study has not yet been done in plasmonic 
waveguides; an early study [13] used instead cw-like pumping and obtained significant thermal contributions to the 
nonlinear phase. In another recent experiment Baron et al. [14] measured the imaginary component of the third-order 
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susceptibility for bulk gold by studying nonlinear propagation of surface-plasmon polaritons on a single air/metal 
interface.    
In our experiment, the fabricated plasmonic strip waveguides consist of a gold core, tantalum pentoxide adhesion layers, 
and silicon dioxide cladding. This configuration provides effective propagation of the LRSPP mode [15]. We take into 
account that all constituent materials (metal, adhesion layer, and cladding) exhibit a nonlinear response and attribute an 
effective nonlinearity of the LRSPP waveguide mode, and for the metal part of the waveguide the linear and nonlinear 
losses are considered as well. This effective nonlinearity of the LRSPP mode leads to two interesting nonlinear effects. 
The first effect is a nonlinear saturation of the average power of the plasmonic mode. The second effect is a nonlinear 
phase modulation with spectral broadening of the LRSPP mode. Our theoretical model solves the nonlinear Schrödinger 
equation for the LRSPP mode, and confirms the observed nonlinear effects.  
2. FABRICATION PROCESS 
The samples with waveguides were fabricated in house, according to the following procedure. A silicon wafer with a 
thick (~6.5 μm) layer of SiO2 on top was used as a substrate. A standard ultraviolet lithography process was applied to 
pattern a photoresist layer. Then, a gold layer and adhesion layers were deposited using a sputtering machine (Lesker). A 
chemical solution (Piranha) was used to remove the photoresist layer afterwards. The waveguides profile contained four 
layers: a bottom Ta2O5 layer, Au layer, top Ta2O5 layer, and small SiO2 layer [12]. The layers were deposited one after 
another in one sputtering program, and the known deposition times and rates were used to calculate the thickness values. 
It is well-known that the metal layer roughness increases the propagation losses of the LRSPP mode [16]. The atomic 
force microscope (AFM) Dimension Icon (Bruker) was used to measure the gold layers roughness (Fig. 1a). The 
roughness profile of the gold surface shows the spikes with the maximum height values ~2 nm. The root mean square 
(RMS) value for the roughness of the deposited gold layers is 0.67 nm. Several measurements of 2 μm regions at 
arbitrary places of the gold surface were performed and confirmed the reported RMS roughness. 
To verify the quality of the deposited metal and adhesion layers, a separate test wafer was prepared. A silicon wafer with 
a thick (~800 nm) layer of silicon dioxide was used as a substrate. A gold layer and an adhesion layer were deposited on 
top by the same procedure, but in different parts of the wafer. Their surfaces were imaged by the scanning electron 
microscope (SEM) SUPRA (Carl Zeiss). The gold surface (Fig. 1b) has many bright dots related to the roughness spikes. 
The imaging showed that the both layers are continuous and of high quality. 
After the sputtering of the waveguides, a thick (~ 5.5 µm) cladding layer of SiO2 was deposited on top using a standard 
plasma-enhanced chemical vapor deposition method. The cladding thickness and linear refractive index were measured 
by a multiple-angle reflectometer (FilmTek 4000). The refractive index value for deposited silicon dioxide is 1.456 at the 
wavelength 1064 nm. Overall, three wafers with the gold layer thicknesses t = 22, 27, and 35 nm were fabricated by the 
same procedure and used in the experiment. The ready wafers were diced and several samples with lengths 2, 3, and 4 
mm were selected for optical characterization. Each sample contained five identical waveguides with 10 μm width, and 
100 μm spacing. Thus, the waveguides did not interfere with each other and could be investigated independently. 
 
Figure 1. (a) AFM measurement of the gold layers roughness and (b) SEM image of the gold surface. 
(a) (b) 
Proc. of SPIE Vol. 9884  988420-2
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/02/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
= 1064 nm Linear
Polarizer
Gaussian
Filter
IMIMIll
Attenuation
Filters
11111
PM
Lens o
SM
Picosecond.
laser
Optical
Spectrum
Analyzer
Sampleim&
 
 
3. EXPERIMENTAL RESULTS 
3.1 Experimental setup  
The experimental setup is shown in Fig. 2. The laser source was the picosecond pump source for the SuperK EXTREME 
(NKT Photonics) with the average output power tunable in the range 0-15 W, repetition rate 78 MHz, pulse duration ~ 3 
ps, and peak wavelength 1064 nm. The free-space laser beam was linearly polarized by a polarizer (Thorlabs), shaped by 
a Gaussian filter (10LF04-1064, FWHM 3.5 nm, Newport), attenuated by a set of neutral-density (ND) attenuation 
filters, and delivered to the sample by a polarization-maintaining fiber (LMA-PM-10, NKT Photonics). The laser beam 
polarization was aligned to match the fast axis of the polarization-maintaining fiber and to match the transverse magnetic 
polarization of the LRSPP mode in plasmonic waveguides. The end-fire coupling method was used to excite plasmonic 
modes [17]. A single mode fiber (LMA-10, NKT Photonics) collected and delivered the transmitted optical flux to the 
optical spectrum analyzer (OSA) AQ6315E (Yokogawa). The end-fire coupling alignment was controlled by an optical 
microscope. Before the transmission measurements, the LRSPP mode in each waveguide was imaged by a lens 
(Newport) and camera beam profiler (Thorlabs), and the transverse magnetic polarization of the plasmonic mode was 
verified by the linear polarizer [18]. This polarization check verified coupling to the LRSPP mode in each plasmonic 
waveguide. 
 
Figure 2. Experimental setup for nonlinear optical characterization. 
 
3.2 Linear characterization  
Firstly, the linear characterization of the waveguides was performed. The laser was tuned to a low average power (< 1 
mW), and the transmitted power was measured by the OSA for waveguides with different lengths and metal thicknesses. 
The insertion loss graphs were used to calculate propagation loss α  per unit length and coupling loss C  per two facets 
for the plasmonic waveguides with the metal thickness values 22, 27, and 35 nm (Fig. 3). For each value of the length 
and thickness the measurements of five identical waveguides were averaged, and the linear fit was calculated by the least 
squares method. The coupling loss was obtained as the intersection of the fitted lines with the vertical axis. The 
propagation loss was calculated as the slope angle to the fitting lines. The calculated values for α  and C , with the 
calculation errors are presented in Table 1.  The obtained experimental values show that the linear propagation loss per 
unit length increases in ~1.8 times as the gold layer thickness increases from 22 nm to 35 nm. The coupling loss per two 
facets varies by ~10 %, and is completely within the calculation errors. This conclusion is in accordance with the 
previous measurements of the similar plasmonic waveguides [19]. The obtained values for α  are ~2-3 times higher than 
the results published by Berini et al., and several possible reasons explain this. First, the maximum values of the 
roughness spikes of the gold layers are ~2 nm in comparison with ~1 nm in Ref. [19]. Second, the peak wavelength 1550 
nm used in Ref. [19] provides lower attenuation of the LRSPP mode in plasmonic waveguides than the peak wavelength 
1064 nm [20].   
 
Table 1.  Experimental values of the propagation and coupling loss for plasmonic waveguides with different thicknesses. 
t (nm) α (dB/mm) C (dB) 
22 7.8 ± 0.2 3.2 ± 0.5 
27 11.1 ± 0.2 3.3 ± 0.8 
35 13.8 ± 0.3 3.5 ± 1.0 
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Figure 3. Propagation loss and coupling loss measurements of plasmonic waveguides with different gold layer thicknesses. 
 
3.3 Nonlinear power measurements  
Then, the nonlinear characterization of the plasmonic waveguides was performed. In order to obtain the necessary 
amount of measurements, the input power was varied by either changing the ND attenuation filters or the output power 
from the laser. The transmitted power was measured by the OSA for the waveguides of length 3 mm and metal 
thicknesses 22, 27, and 35 nm. The normalized obtained dependencies of the transmitted power outP  with respect to the 
delivered power inP  have several interesting features (Fig. 4). The first feature is the nonlinear trends of dependencies 
out in( )P P  at high values of the input power inP . The second feature is that these nonlinear trends clearly depend on the 
metal layers thickness. The plasmonic waveguides with thinner metal layers have more pronounced relative deviation 
from the linear power dependences at the same values of the input power. For each value of the metal thickness the 
measurements of five identical waveguides are averaged and the nonlinear curve fit was calculated as  
out in in
2 ,a bP P P= −                                                       (1) 
where a  and b  are the fitting coefficients. Here the input and output powers are corrected for the coupling loss at the 
end facets. The calculated values for a , and b , with the calculation errors are presented in Table 2. The coefficient a  
is related to the linear loss parameter α  of the LRSPP mode as la e α−= , where l  is the waveguide length. The 
calculated values of α  are 8.82 dB/mm, 12.0 dB/mm, and 17.3 dB/mm for the metal thicknesses 22, 27, and 35 nm, 
accordingly. These values are somewhat higher than the values of linear losses at low power characterization, and the 
origin of this is at present unclear. The coefficient b  is related to nonlinear absorption coefficient β  of the plasmonic 
mode. The nonlinearities of the constituent materials (metal, adhesion, and cladding) in plasmonic waveguides, as well 
as heating for high powers, contribute to the effective nonlinearity of the LRSPP mode. 
 
 
Table 2.  Fit coefficients a  and b for the plasmonic waveguides with different thicknesses. 
t (nm) a b (1/W) 
22 (2.26 ± 0.01) · 10-3 (1.54 ± 0.02) · 10-3 
27 (2.49 ± 0.01) · 10-4 (1.38 ± 0.02) · 10-4 
35 (6.53 ± 0.03) · 10-6 (3.09 ± 0.08) · 10-6 
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Figure 4.  Nonlinear power transmission of plasmonic waveguides with different gold layer thicknesses. 
 
In terms of the nonlinear response of the constituent materials, gold has a dominant contribution to the effective third-
order susceptibility (3)effχ  of the plasmonic mode [21]. The effective third-order susceptibility of the LRSPP mode is 
related to the nonlinear absorption coefficient β  as follows [22]:    
(3)
eff2 2
0 0
c
effeff
3 Im[ ,]2 c n AA
β ωβ χε= =                                                                                          (2) 
Here cβ  is the conventional definition of the nonlinear absorption coefficient [22], 2 /cω π λ=  is the light angular 
frequency, c  is the speed of light in vacuum, 0ε  is the vacuum permittivity, 0n  is the effective linear refractive index of 
the LRSPP mode, and effA  is the effective area of the LRSPP mode. The nonlinear coefficient b  depends on both the 
nonlinear parameters of the LRSPP mode and the laser parameters. By considering the pulse propagation equation [11], 
it is straightforward to show that the ratio rep/ / ( ),b a Tfβ α≈ where T is the laser pulse duration, and repf  is the laser 
repetition rate. We analyzed the structure of our plasmonic waveguides, where the total effective nonlinearity has 
contributions from all layers, calculated through the overlap integral of the spatial distribution of the plasmonic mode in 
each layer and using the respective bulk nonlinearity of each layer. The values of the field integrals from the gold core 
Auθ are ~1.1 · 10
-4, ~1.4 · 10-4, and ~1.9 · 10-4 for the layers thickness 22, 27, and 35 nm correspondingly. And the values 
of the effective area of the waveguide are ~11.2 µm2, ~10.2 µm2, and ~9.2 µm2 correspondingly. Through this analysis, 
which will be presented in detail elsewhere, we found that gold has by far the dominating contribution to the total 
effective nonlinearity: the contribution from the gold layer is two orders of magnitude bigger (~10-20 m2/V2) than the one 
from the tantalum pentoxide layer (~10-22 m2/V2), although the latter has a quite large cubic nonlinearity [23]. The 
calculated value of the real part of the effective refractive index of the plasmonic mode effRe[ ]n ≈ 1.47 is much larger 
than the value of its imaginary part effIm[ ]n ≈ 0.01. Therefore we can take as a good approximation the following formula 
for the nonlinear absorption coefficient (3) 2 2Au 0 0Au eff(3 Im[ ] (2 ,) / )c n Aβ ωθ χ ε≈ where Au(3)χ  is the third-order susceptibility 
of the gold layers, and the obtained coefficients a  and b  are used to extract the imaginary part of (3)Auχ . 
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3.4 Nonlinear spectral measurements  
The spectra of the transmitted optical flux were measured by the OSA and in the wavelength range 1058-1069 nm. They 
show several interesting features (Fig. 5). Firstly, spectral broadening and splitting are observed, a clear sign of SPM 
influenced by two-photon absorption from the real and imaginary part of (3)χ , respectively [11]. This was confirmed 
with numerical simulations of the nonlinear Schrödinger equation, giving almost identical spectra as those in Fig. 5, 
where the experimental input pulse was used and no free parameters were adopted (all linear and nonlinear parameters 
were those calculated by our waveguide analysis or measured experimentally). The second feature is that the spectral 
broadening and splitting in the output spectra differs slightly for each case. We compared the values of the effective 
spectral widths for the input pulse and output pulses at the splitting level (~0.05), where for simplicity the side peaks 
with lower intensities (~0.01-0.03) were neglected. To do an analytical estimate, we approximate the input pulse with a 
Gaussian one and calculate the nonlinear spectral broadening factor (SBF) from comparing it to a Gaussian fit to the two 
distinct SPM peaks. The SBF then relates to the effective nonlinear coefficient γ by [11]: 
0
1
SBF 0.86 ,
le
P
α
γ α
−−≈                                                                           (3) 
where 2eff eff( ) / ( )n cAγ ω= , 0P  is the peak power of an input pulse, 2effn  is the effective intensity dependent refractive 
of the LRSPP mode, and l  is the length of a plasmonic waveguide. This result assumes a purely Gaussian input pulse, 
which is transform limited (no chirp across the pulse). Although the input pulse in the experiment was not transform 
limited and its spectrum had multiple modulated peaks, this expression serves as a rough estimate of the effective 
waveguide nonlinearity γ in the sample; such an approach is also justified by the close agreement with the numerical 
simulations. From the second equation in Eq. (3) and using the relation between 2effn  and 
(3)
effRe[ ]χ the following 
formula is realized (3) 2 2Au 0 0Au eff(3 Re[ ] (4 ,) / )c n Aγ ωθ χ ε≈  since as argued above for the nonlinear loss, the dominating 
contribution comes from gold. The experimental values of the SBF are used to extract the real part of the third-order 
susceptibility of the gold layers showing its dependence on the layer thickness. 
 
Figure 5. (a) Input pulse spectrum, and output pulse spectra for plasmonic waveguides at the maximum input power (~ 480 mW) with 
the gold layer thickness (b) t = 22 nm, (c) t = 27 nm, and (d) t = 35 nm. Dashed lines show a Gaussian fit to the measured spectra. 
 
3.5 Third-order nonlinear susceptibility of gold  
The calculated values of the real and imaginary parts of the third-order susceptibility for gold layers with different 
thicknesses, and the calculation errors are presented in Table 3. Both the real and imaginary parts decrease as the layer 
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thickness increases. The experimental values for the third-order susceptibility are plotted in Fig. 6 and the nonlinear 
curve fit was calculated as follows: 
(3) (3)
Au ,
C
t
χ χ∞= +                                                                                       (4) 
where (3)χ∞  is the third-order susceptibility for bulk gold [7], t is the gold layer thickness, and C is the experimental 
coefficient. The fitting 1/t here was done by analogy with the change of the electrons collisions frequency in metal 
nanoparticles with the radius [24]. The calculated values for the real and imaginary parts of the experimental coefficient 
C  are: Re[C]= (5.82 ± 0.15) · 10-24 m3/V2, and Im[C]= (9.34 ± 1.79) ·  10-26 m3/V2. For comparison we plot also the 
third-order susceptibility for bulk gold (3)χ∞ = (4.56
 + 0.48i) · 10-17 m2/V2 [7]. We here again stress that the obtained values 
should be taken with caution as they were extracted assuming a transform-limited Gaussian input pulse. Further 
experiments with cleaner pulse profiles should illuminate this issue. 
 
 
Figure 6. (a) Real part and (b) imaginary part of the third-order susceptibility for gold layers with different thicknesses. Blue curves 
show the nonlinear curve fit to experimental data, the black lines mark the third-order susceptibility for bulk gold. 
 
Table 3.  Third-order susceptibility of gold layers with different thicknesses. 
t (nm) Au
(3)Re[ ]χ (m2/V2) Au(3)Im[ ]χ (m2/V2) 
22 (2.57 ± 0.84) · 10-16 (10.50 ± 2.08) · 10-18 
27 (2.18 ± 0.61) · 10-16 (8.22 ± 1.49) · 10-18 
35 (1.79 ± 0.48) · 10-16 (6.51 ± 1.38) · 10-18 
 
The experimental values of the real part of Au
(3)χ  are ~4-5 times higher than the real part of (3)χ∞  for bulk gold. And 
experimental values of the imaginary part of Au
(3)χ  are ~1.5-2 times higher. The obtained dependencies of the third-order 
susceptibility for the gold layers are in accordance with previous measurements of thin gold layers using the z-scan 
method [25].  Figure 6 also shows the thickness limitations. The classic Drude model may be inapplicable at the layer 
thicknesses below 10-15 nm due to possible quantum effects [26], nonlocal effects [27], and layer clustering [28]. 
Conversely, the coupled LRSPP mode collapses at the layer thicknesses above 50-60 nm due to the small penetration 
depth of the surface electromagnetic waves in metal [20]. Therefore, the effective range of t is ~15-45 nm for 
experimental studies.  
There are two possible reasons to explain the increase of the third-order susceptibility in gold layers with reduction of 
their thickness. Firstly, the effective enhancement of the third-order nonlinearity in an ultra-thin metal layer can be 
caused by the change in the free electrons motion due to the confinement factor. Consequently, their collisions frequency 
increases, and it leads to the effective increase of the dielectric permittivity of a metal layer. This, in turn, causes the 
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increase of the third-order susceptibility of the metal layer. Secondly, by considering the ultra-fast electrons dynamics in 
metal [7], it is possible to assume that, for the electrons heated by a laser pulse, the characteristic thermalization rates 
with other electrons and the metal lattice change with the thickness. It may also lead to the effective enhancement of the 
third-order susceptibility in a metal layer [7]. 
The presented nonlinear optical effects in gold stripe waveguides can be exploited for further developments towards 
plasmonic communication components. 
 
4. THEORETICAL RESULTS 
4.1 Chromatic dispersion effect  
The first and second derivatives of the real part of the LRSPP propagation constant 1β  and 2β  define the lowest-order 
chromatic dispersion in plasmonic waveguides. The first derivative 1β  is related to the group velocity gυ  and group 
index gn  of the LRSPP mode as 1 g g/ 1 / /d d n cβ β ω υ= = = . The second derivative 2 22 /d dβ β ω=  (also referred as 
the group velocity dispersion (GVD) parameter) is related to the dispersion length DL  of the plasmonic mode as 
2
D 0 2/ ,L T β=  where 0T  is the 1/e-intensity value of a Gaussian input optical pulse. The normalized group velocity 
g / cυ  and dispersion length DL  were calculated in the range 800-1550 nm (Fig. 7). The average value of gυ  at 1064 
nm is ~67 % of the vacuum speed of light. The magnitude of 2β  is somewhat larger (~10-4 ps2/mm=102 ps2/km) than 
typical values for single-mode optical fibers (~10 ps2/km) [11]. The dispersion length DL  for 3 ps pulses is much larger 
(~200-1000 mm) than the physical length of the waveguides l (~1 mm). This means that the chromatic dispersion has a 
small effect on the propagation of picosecond optical pulses in the plasmonic waveguide. 
 
 
Figure 7. (a) Normalized group velocity and (b) dispersion length vs. wavelength. 
 
4.2 Pulse propagation equation  
The propagation dynamics of the LRSPP mode can be well described by the nonlinear Schrödinger equation [11]:                             
 2 2 ,
2 2
A
i A A A A A
x
α βγ∂ = − −∂                                                                                       (5)        
where ( , )A x T  is the complex amplitude of an optical pulse, x   is the propagation coordinate, T  is the time coordinate 
in the co-moving frame of the input pulse. The first and third term correspond to the self-phase modulation (SPM) and 
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nonlinear absorption, respectively. The chromatic dispersion has been neglected, which is a good approximation as the 
dispersion length DL  for picosecond optical pulses of the plasmonic waveguide is much larger than the physical 
waveguide length l . The formal solution to Eq. (5) is ( ) [ ]NL, ( , ) exp ( , )A x T P x T i x Tφ= , where ( , )P x T is the pulse 
power amplitude and NL ( , )x Tφ   is the pulse nonlinear phase. Although this has been studied extensively in the 
literature, we are here dealing with the particular case where dispersion is negligible and where linear and nonlinear 
absorption is significant, which makes it worth to revise the results. After substitution this solution to Eq. (5), and 
solution of the straightforward system of differential equations, the following results are obtained for the pulse power 
amplitude and pulse nonlinear phase:  
 
( )
( )
2
2
0
0
2
2
0
2
2
0
0
NL 0
, ,
1 (1 ) /
, ln 1 (1 ) / .
T
xT
T
xT
T
xT
P e e
P x T
P e e
x T P e e
α
α
α
β α
γφ β αβ
− −
− −
− −
=
+ −
= + −⎡ ⎤⎢ ⎥⎣ ⎦
⎧⎪⎪⎪⎨⎪⎪⎪⎩
                                                            (6) 
Here the initial conditions were used: ( ) 2 20 0exp / ), (0P T P T T−=  and ( )NL 0, 0Tφ = . The solutions describe how the 
peak power ( , )P x T   and phase NL ( , )x Tφ  of optical pulses change in the time domain upon propagation. For practical 
purposes, the expression for ( , )P x T  can be modified to obtain a formula for the average power of light at the output of 
the plasmonic waveguide, which is the observable and measurable quantity: 
 ( ) 0
2
0 rep
( ) 0
2
.l lP l P e e
T f
Pα απ β
α
− −= −                                                                                               (7) 
This equation shows that the average output power ( )P l  from the plasmonic waveguide of the length l depends 
nonlinearly on the average input power 0P , and an asymptotic saturation of the function 0( ){ }P l P  is expected at high 
values of 0P . The nonlinear trend 0( ){ }P l P  depends on the linear absorption coefficient α , laser repetition rate repf , 
pulse duration 0T , nonlinear parameter β , and length l  of the waveguide. The experimental power trends for different 
thicknesses t =22, 27 and 35 nm (Fig. 5) confirm the expected nonlinear behavior. The nonlinear term in Eq. (7) 
becomes important at the values of 0P  above 0.15-0.2 W. The possible saturation plateau is achievable at the values of 
0P  above 0.5 W. The obtained nonlinear functions 0( ){ }P l P  clearly depend on the gold thickness t , the saturation is 
achieved faster for thinner waveguides. It confirms that the gold layer thickness t  is a crucial parameter for (3)χ  of the 
LRSPP mode.  
The second nonlinear effect concerns the LRSPP mode spectral features. The pulse power spectral density (PSD) in 
units [W/Hz] is given by the squared Fourier transform of pulse amplitude ( , )A x T  as follows: 
 ( )
2
repPSD , ( , ) .
i Tx f A x T e dTωω
+∞
−∞
= ∫                                                          (8) 
By substituting the expressions for the pulse power amplitude and phase in Eq. (26), the final formula for the PSD is 
obtained: 
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Here c 2 /cω π λ=  is the carrier frequency, which corresponds to the peak wavelength 1064 nm, and eff (1 ) /lL e α α−= −  
is the effective waveguide length. The numerical calculations of Eq. (9) for the gold layer thickness t =22 nm (Fig. 8) 
show the nonlinear spectral broadening and splitting of an input Gaussian pulse, depending on the input average power 
0P . The pulse splitting occurs at the values of 0P ~0.2 W. This nonlinear effect was observed in our recent experiment 
[12]. The further increase of 0P   leads to the splitting and formation of more SPM peaks.  
The obtained spectral features are in accordance with the theoretical results done by Agrawal et al. for nonlinear 
properties of silicon waveguides [29, 30]. The principal difference here is that the plasmonic waveguide has much higher 
linear absorption and shorter physical length than an ordinary silicon waveguide. However, the comparable nonlinear 
spectral broadening can be achieved. In the case of optical fibers, the required waveguide length can reach hundreds of 
meters or more to receive the desired nonlinear features. In this sense a plasmonic or silicon waveguide provides the 
same functionality, can be integrated on-chip and used for nonlinear purposes even with very short propagation lengths.     
 
Figure 8. SPM broadening of the Gaussian pulse at 1064 nm, using t = 22 nm. 
 
5. CONCLUSION 
In this paper we have summarized the experimental and theoretical results about nonlinear effects in propagation of the 
LRSPP mode in gold strip waveguides. The third-order nonlinear susceptibility (3)Auχ  of the gold layers has the dominant 
contribution to the effective third-order susceptibility of the plasmonic mode. It was verified for three values of gold 
layer thickness t =22, 27 and 35 nm. The key assumption here is that the nonlinear properties are thickness-dependent 
and inversely proportional to the thickness. Thin metal layers enhance the waveguides nonlinearity and provide effective 
nonlinear propagation of ultra-fast picosecond optical pulses. The theoretical model, based on the solution of the 
nonlinear Schrödinger equation, confirmed the observed nonlinear transmission of the plasmonic modes for the average 
values of the input power 0P  in the range above 0.15-0.2 W, and for the high repetition rate ( repf =78 MHz) picosecond 
pumping at 1064 nm. In the same power range the observed SPM effect leads to the LRSPP spectral broadening and 
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splitting, again in accordance with our theoretical results. The deep analogy with classical fiber-based nonlinear optics 
show that plasmonic waveguides are potential candidates for nonlinear optics applications on a microscopic length scale.    
One of the possible developments in this direction is the nonlinear analysis of higher order plasmonic modes. The current 
model is for the fundamental LRSPP mode, but other spatial modes can also be excited. These higher order modes will 
affect the dynamics by nonlinear cross-phase modulation [11]. Another development concerns the propagation of even 
shorter (femtosecond) pulses in the plasmonic waveguides. The chromatic dispersion effect will have a more dominant 
role than in the present case. The investigation of nonlinear propagation of femtosecond pulses in the plasmonic 
waveguides will be done elsewhere. The interaction of the nonlinear and GVD effects leads to many interesting optical 
phenomena in plasmonic nanostructures with their possible practical realization, for example, in optical communication 
systems. Our results indicate that the waveguide investigated here could have anomalous GVD at telecom C-band 
wavelengths, which means that solitons can be excited using femtosecond Er fiber lasers. This has interesting nonlinear 
applications that promise well for plasmonic systems.  
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Abstract:  
 
This presentation is devoted to the theoretical study of the effective third-order susceptibility χ(3) of 
a long-range surface plasmon polariton (LRSPP) mode in gold strip waveguides. The designed 
plasmonic waveguides contain a gold core with finite microscale width (10 μm) and nanoscale 
thickness (22-35 nm), tantalum pentoxide adhesion layers above and below the core, and silicon 
dioxide cladding. We chose this geometry because it provides effective propagation of the LRSPP 
mode. The effective index method is used to calculate the LRSPP propagation constant, the electric 
field distributions in the waveguides transverse section, and the dispersion derivatives. It is shown 
that the dispersion length of picosecond (~3 ps) optical pulses in plasmonic waveguides is much 
larger (~1-2 m) than the physical length of waveguides (~2-5 mm). Thus, the chromatic dispersion 
effect has a negligible role in the propagation of optical pulses in the case of picosecond pumping. 
For practical considerations, a wavelength of 1064 nm was selected for calculations in the model. 
This wavelength is widely used in laser physics and corresponds to emission of the Nd:YAG laser 
and Yb-doped fiber lasers. The third-order susceptibilities of all constituent materials (metal, 
adhesion, and cladding) contribute to the effective χ(3) of the plasmonic mode. We model the third-
order susceptibility of the metal layers by considering the effective change in the electrons motion. 
When the gold layer thickness approaches the nanoscale, the electrons start to feel the layer 
boundaries. Their collision frequency increases in ~2-3 times, and it leads to changes in the real and 
imaginary parts of the dielectric permittivity of metal. In turn, this causes the effective enhancement 
of the thermo-modulational interband susceptibility of the metal layer. It is shown that the values of 
the third-order susceptibility of the gold layers increase in ~2-5 times in comparison with the third-
order susceptibility value for bulk gold (real part ~10-17 m2/V2, imaginary part ~10-18 m2/V2). The 
nonlinearity enhancement in the metal layers is limited by the Drude model breakdown at the layer 
thicknesses below 10-15 nm. We show that the third-order susceptibility of the gold layer is 
dominant to the effective χ(3) of the LRSPP mode in the designed strip waveguides. The real part of 
the effective χ(3) of the LRSPP mode defines the nonlinear parameter and nonlinear length of optical 
pulses in plasmonic waveguides. In the case of high average power (~200-500 mW) picosecond 
pumping, the nonlinear length becomes comparable or less than the effective length of plasmonic 
waveguides (~0.2-0.5 mm), and the third-order nonlinearity affects the propagation of the 
plasmonic mode. The imaginary part of the effective χ(3) of the LRSPP mode defines the nonlinear 
absorption parameter in plasmonic waveguides. We model the propagation of optical pulses in 
plasmonic waveguides by solving the nonlinear Schrödinger equation and considering a Gaussian 
shape of the pump laser pulses. The obtained solutions of the pulse propagation equation lead to 
two nonlinear effects. The first effect is the nonlinear transmission of optical pulses in plasmonic 
waveguides and the power saturation of the LRSPP mode at high average power (~200-500 mW) 
picosecond pumping. The second effect is the self-phase modulation of optical pulses in plasmonic 
waveguides, and the spectral broadening and splitting of the LRSPP mode. A relevant experiment 
has been performed and confirmed the possibility of practical observation of these nonlinear effects. 
The results can be used for future applications of plasmonic waveguides in nonlinear optics.    
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Abstract — This paper describes modeling, fabrication and 
high power optical characterization of thin gold films embedded 
in silicon dioxide.  The propagation vector of surface plasmon 
polaritons has been calculated by the effective index method for 
the wavelength range of 750-1700 nm and film thickness of 15, 30 
and 45 nm. The fabrication process of such plasmonic 
waveguides with width in the range of 1-100 μm and their quality 
inspection are described. The results of optical characterization 
of plasmonic waveguides using a high power laser with the peak 
power wavelength 1064 nm show significant deviation from the 
linear propagation regime of surface plasmon polaritons at the 
average input power of 100 mW and above. Possible reasons for 
this deviation are heating of the waveguides and subsequent 
changes in the coupling and propagation losses. 
Keywords — nanophotonics; optical waveguides; plasmons 
I. INTRODUCTION 
The first experimental observation of surface plasmons in thin 
gold films embedded in silicon dioxide was published in 2000 
[1]. The comprehensive study of long-range surface plasmon 
polaritons in thin gold films was performed by P. Berini and co-
workers and described in [2]. Optical characterization at the 
wavelength of 1550 nm showed good agreement between 
theoretical and experimental data. Effect of surface 
electromagnetic waves propagation in thin metal films can be 
used for development of integrated optics elements [3, 4, 5]. In 
some cases, polymer benzocyclobutene is also used as a cladding 
of plasmonic waveguides instead of silicon dioxide. A review 
about surface plasmon polaritons is presented in [6]. 
In the present work, we describe modeling, fabrication and 
high power optical characterization of thin gold films 
embedded in silicon dioxide. The effective index method [7] 
was used for modeling plasmonic waveguides, and 
calculations of relevant parameters were performed. The 
modeling is described in section II. The fabrication of 
prototype samples was performed in a cleanroom and 
discussed in section III. The optical characterization of 
plasmonic waveguides was done using a high power laser with 
the peak power wavelength 1064 nm.  The experiment and 
obtained results are described in section IV.  
II. MODELING OF PLASMONIC WAVEGUIDES 
Modeling of thin gold films starts from the Maxwell equations, 
boundary conditions and calculation of dielectric permittivity of 
gold and silicon dioxide for the wavelength of interest [7, 8]. 
The dielectric permittivity of silicon dioxide can be 
assumed constant for simplicity and equal to the following 
value at the wavelength 1064 nm:  
 
The dielectric permittivity of gold is calculated using the 
Drude model [7, 8] and parameters from [7]:  
 
Here, ωp = 1.37 ∙ 1016 rad/s is the plasma frequency of gold, and τ = 2.9 ∙ 10-14 s  is the relaxation time of gold, c is the 
speed of light in vacuum, and λ is the wavelength of interest.  
A thin gold film can be modeled as an infinitely wide slab 
with thickness t and dielectric permittivity ε2, embedded in medium with dielectric permittivity ε1 (Fig. 1). Surface electromagnetic waves can propagate along the top and 
bottom boundaries of the slab and form coupled 
electromagnetic oscillations, one of which is called a long-
range surface plasmon polariton. Another coupled oscillation 
is called a short-range surface plasmon polariton, and is 
known as more important for the localized plasmon 
resonances [9]. The propagation vector β for the long-range 
mode of surface plasmon polaritons in this configuration can 
be found from the dispersion equation [8, 10]:  
 
This equation was solved numerically for β for the 
thickness values of 15, 30 and 45 nm and for the wavelength 
range of 750-1700 nm. The real part of the propagation vector 
Re[β] is shown in Fig. 2. The calculation step is 50 nm, and 
the obtained points are connected by straight lines. The real 
part of β decays over the wavelength range and differs very 
little for selected values of the slab thickness. The obtained 
results show that the effective refractive index of plasmonic 
978-1-4673-6534-5/15/$31.00 ©2015 IEEE 
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waveguides does not have significant dependence on the 
waveguide thickness for the wavelength range of interest.  
 
Fig. 1. Thin gold film as a slab embedded in silicon dioxide. 
The imaginary part of the propagation vector Im[β] is shown 
on Fig. 3. The calculation step is 50 nm, and the obtained points 
are connected by straight lines. The imaginary part of the 
propagation vector monotonically decays over the wavelength 
range, and differs significantly for selected values of the slab 
thickness. It is about one order of magnitude smaller for the 
thickness of 15 nm than that for the thickness of 45 nm. The 
imaginary part of β is responsible for absorption and propagation 
losses in a plasmonic waveguide. Thinner plasmonic waveguides 
have less losses and, thus, longer propagation length of surface 
plasmon polaritons. The long range mode of surface plasmon 
polaritons can propagate over several millimeters and can be 
observed and studied experimentally for the selected thickness 
and wavelength range [7]. 
The obtained results and literature data [2, 7, 10] were used 
for the design and fabrication of plasmonic waveguide structures. 
The effective penetration depth for surface electromagnetic waves 
in gold is around 21-22 nm for the selected wavelength range and 
effective penetration depth in silicon dioxide is around the 
wavelength value. Thus, the gold film thickness should be around 
50 nm or thinner and covered by several micrometers of dielectric 
from top and bottom side to observe the propagation of long-
range surface plasmon polaritons. 
 
Fig. 2. Real part of propagation vector as a function of wavelength. 
 
Fig. 3. Imaginary part of propagation vector as a function of wavelength. 
III. FABRICATION  
The prototype samples with plasmonic waveguides were 
fabricated in a cleanroom. A photolithography mask was 
designed in CleWin layout editor and ordered from a 
commercial supplier. A silicon wafer with pre-made 6.5 μm of 
the silicon dioxide cladding was used as a substrate. Standard 
ultraviolet lithography process was applied, and gold films 
were deposited on top of silicon dioxide afterwards using a 
sputtering machine. A chemical solution Piranha was used to 
remove the photoresist layer. A top cladding of silicon dioxide 
was deposited using the plasma-enhanced chemical vapor 
deposition method. The quality of plasmonic waveguides was 
checked using a scanning electron microscope. An image with 
several waveguides of different width obtained by the 
microscope is shown in Fig. 4. The waveguides are bright 
lines with widths 1, 2, 3, 4, 5, 6, and 7 μm. One fabricated 
wafer contained two groups of waveguides: thin waveguides 
and wide waveguides. Thin waveguides had width in the range 
of 1-10 μm, with width step of 1 μm.  Wide waveguides had 
width in the range of 10-100 μm, with width step of 10 μm. 
The distance between neighbor waveguides was 100 μm. This 
value is much bigger than typical penetration depth of surface 
electromagnetic waves in silicon dioxide, and each plasmonic 
waveguide could be investigated standalone, without influence 
on another neighbor waveguides. The difference between the 
nominal and fabricated widths of plasmonic waveguides was 
within the range of 1 μm. The thickness of waveguides was 
measured using a Dektak XT profilometer and was around 35 
nm. The thickness and refractive index of silicon dioxide were 
measured using a Filmtek 4000. The total thickness of silicon 
dioxide layer was around 11.5 μm, thus the thickness of 
deposited top cladding was around 5 μm. The refractive index 
of silicon dioxide was 1.456 at the wavelength of 1064 nm.  
The fabricated wafer was diced, and 15 rectangular slices 
with plasmonic waveguides of different width and length were 
collected in the chessboard (Fig. 5). The width of rectangular 
slices was 1.5 cm, and the length was 2, 3, 4, 5 and 6 mm. The 
top raw contains slices with 5 identical groups of wide 
plasmonic waveguides, each group has waveguides with the 
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width in the range of 10-100 μm and the groups are separated 
by the distance of 500 μm. The total number of waveguides in 
each slice is 5 × 10 = 50. The middle raw contains slices with 
10 identical groups of thin waveguides, each group has 
waveguides with the widths of 1-10 μm and the groups are 
separated by the distance of 150 μm. The total number of 
waveguides in each slice was 10 × 10 = 100. 
 
Fig. 4. Scanning electron microscope image of plasmonic waveguides. 
 
Fig. 5. Chessboard with fabricated samples. 
The bottom raw contains slices with a thin gold film 
covering the whole surface of slices. The rectangular samples 
from the top raw containing wide waveguides were selected 
for optical characterization.    
IV. EXPERIMENT 
The experimental setup to characterize the samples is 
shown on Fig. 6. The laser source is picosecond SuperK 
EXTREME (NKT Photonics) with the maximum average 
power 15 W, repetition rate 78 MHz and peak power 
wavelength 1064 nm. A laser beam propagated in the step-
index optical fiber to the fiber port, passed polarizers and 
coupled again to the polarization maintaining fiber. Two linear 
polarizers were used to tune the beam power without changing 
the laser operational current, and to keep the fixed linear 
polarization of output light. The first polarizer rotated to tune 
its polarization direction with respect to the second polarizer 
direction, and, thus, the beam power was tuned from zero to a 
half of the maximum value. The output beam polarization was 
maintained to match the transverse magnetic mode of surface 
plasmon polaritons in waveguides. The samples were placed 
by one on the moving platform and two positioners were used 
to implement the end-fire light coupling to plasmonic 
waveguides. A single mode fiber was used to collect and 
deliver the transmitted flux to the optical spectrum analyzer 
AQ6315E (Yokogawa).  The samples motion and fibers 
alignment were controlled by the optical microscope Axiotech 
vario (Carl Zeiss). The polarization maintaining fiber is a 
photonic crystal fiber with the core diameter 10 μm. The 
single mode fiber is a photonic crystal fiber with the core 
diameter 10 μm. Plasmonic waveguides with the width of 10 
μm were selected for investigation to have the most coupling 
efficiency. The results of transmission measurement for 
plasmonic waveguides of different lengths and at the average 
power in the range below 1 mW were reported in [11]. The 
new results of high power optical characterization are shown 
on Fig. 7. 
 
Fig. 6. Experimental setup for high power optical characterization. 
 The horizontal axis corresponds to the laser reference 
power measured without samples by the fiber to fiber direct 
coupling method. The polarization maintaining fiber was placed 
in front of the single mode fiber, and transmitted power was 
measured by the optical spectrum analyzer. Thus, the first 
polarizer was calibrated according to its polarization direction 
and values of transmitted power. The maximum possible power 
used in the experiment was limited by damage threshold of the 
first polarizer and also by coupling efficiency of the polarization 
maintaining fiber. The reference power was tuned in the range 
from 0 to about 320 mW. The horizontal error bars include 
calibration error of the first polarizer and statistical error of the 
optical spectrum analyzer. Ten consequent measurements were 
performed to obtain each point of the reference power. The 
vertical axis shows transmitted power though five plasmonic 
waveguides with the length 3 mm and width 10 μm. The 
vertical error bars include calibration error of the first polarizer 
and statistical error of the optical spectrum analyzer. Ten 
consequent measurements were performed to obtain each point 
of the transmitted power. The experimental data show 
monotonic increase of transmitted power with increase of the 
reference power. However, the trend for each plasmonic 
waveguide is somewhat different from expected linear 
dependence. The waveguides were nominally identical, but 
were situated in different places within one rectangular slice, 
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and had different end-fire coupling efficiency with the optical 
fibers. The difference in coupling efficiency could be one of the 
possible reasons to explain trend deviations. The transmitted 
power discrepancy between plasmonic waveguides becomes 
even higher as the reference power increases, thus a power 
dependence of the coupling losses is observed. The second 
possible reason of the unusual power trends is propagation 
losses in plasmonic waveguides. The light propagating in 
plasmonic waveguides is absorbed in gold and silicon dioxide 
and, for high power regime, heating of waveguides can 
effectively change the optical parameters of materials. As the 
reference power increases, the change in propagation losses 
becomes significant and results in deviation from the linear 
trend for individual waveguides. The obtained power trends 
show that this deviation from the linear propagation regime 
becomes important for the reference power values in the range 
of 100 mW and above. For the reference power values in the 
range below 100 mW, the propagation regime in plasmonic 
waveguides can be assumed linear and the power discrepancy 
between waveguides is mainly due to different end-fire coupling 
efficiency. 
 
Fig. 7. Power output from waveguides as a function of reference power. 
CONCLUSION 
We have described modeling, fabrication and high power 
optical characterization of plasmonic waveguides based on thin 
gold films embedded in silicon dioxide. The effective index 
method was applied to calculate the propagation vector of long-
range surface plasmon polaritons. The real and imaginary parts 
of the calculated propagation vector monotonically decrease as 
the light wavelength increases. The real part of the propagation 
vector Re[β] does not change significantly as the thickness of 
plasmonic waveguides changes from 15 nm to 45 nm, and the 
imaginary part of the propagation vector Im[β] increases by 
around one order of magnitude as the thickness of plasmonic 
waveguides changes from 15 nm to 45 nm.  
The fabrication process of the samples with plasmonic 
waveguides was described in detail and the quality inspection 
of waveguides by the scanning electron microscope was 
discussed. The fabrication error for the width of plasmonic 
waveguides was within the range of 1 μm. 
The optical characterization of plasmonic waveguides with 
the width 10 μm, length 3 mm, and thickness 35 nm was 
performed at high power. The obtained power trends for five 
waveguides of the same nominal geometry showed a deviation 
from the linear propagation regime for values of the reference 
power in the range of 100 mW and above. The differences in 
coupling loss and heating of waveguides by a high power laser 
beam could be possible reasons of the power deviation. The 
quantitative analysis of this phenomenon will be the subject of 
the further research in this direction.    
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     Nonlinear optical properties of dielectric waveguides are well known and are widely used in modern 
telecommunication systems [1]. However, the fundamental law of diffraction imposes physical limitation 
for integration of dielectric photonics and semiconductor electronics [2]. A possible way to combine the 
high speed of a photonic device with the compact size of an electronic device is to produce a 
nanoplasmonic device based on metal waveguides. The successful solutions can be used for future 
sustainable technologies. In meantime, nonlinear optics of metal waveguides is not fully understood and is 
being under investigation in recent years [3]. 
      The purpose of our research is to study nonlinear optical properties of gold waveguides embedded into 
dielectric medium (silicon dioxide) using picosecond laser spectroscopy. The work includes modeling of 
optical properties of gold waveguides, fabrication of prototype samples, and optical characterization of 
samples using a picosecond laser source. 
       The prototype samples of gold waveguides embedded into silicon dioxide were fabricated at DTU 
Danchip. A silicon wafer with pre-made 6.5 μm layer of silicon dioxide was used as a substrate and gold 
waveguides (films) with the thickness of 35 nm were deposited using the sputter-system (Lesker). The 
waveguides have different width in the range of 1 μm to 100 μm.  A cladding layer of silicon dioxide of 
about 5 μm was deposited on top of the gold waveguides using the plasma-enhanced chemical vapor 
deposition (PECVD) method. The quality of samples was inspected using the optical microscope, scanning 
electron microscope, atomic force microscope, and ellipsometer. The ready wafer was diced into several 
rectangular sliced with the fixed width of 15 mm and the different length from 2 mm to 6 mm for optical 
characterization in the laboratory. 
 The samples were characterized using the 
picosecond laser source (NKT Photonics) with the 
peak wavelength of 1064 nm. The relevant spectra 
are shown on picture 1. The red curve corresponds 
to the reference measurement of the laser 
spectrum. The green curve is the transmission 
spectrum for the silicon dioxide cladding. The blue, 
cyan and magenta curves correspond to the 
transmission spectra for the gold waveguides with 
the width of 10 μm and  length of 2, 3, and 4 mm. 
The polarization of laser beam was tuned to match 
the transverse magnetic mode of surface plasmon
polaritons in the gold waveguides.   
      The propagation loss per unit length and coupling loss for the gold waveguides were calculated. The 
average propagation loss was 14 dB/mm and the average coupling loss was 6 dB. The obtained results 
showed a capability of the prototype samples to guide surface plasmon polaritons and their potential for 
the further investigation of nonlinear properties. 
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